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% Using imtool, we find corresponding
% points (X;y), which are the four
% corners of the book
PA = [
213 398 401 223;
29 20 293 297];
pB = [
207 391 339 164;
7 34 302 270];

N = size(pA,2);
A = zeros(2*N,4);
for 1=1:N

A(C 2*(1-1D)+1, )
AC 2*(1-1)+2, :)

[ pPACL,1) -pA(2,1) 1 O];
[ pPACZ,1) PpA(L,1) O 1];

b = reshape(pB, [1, 1);

X = A\b;

theta = acos(x(1));
tx = x(3);

ty = x(4);
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clear all

close all

11 = imread("cameraman.tif");

12 = zeros(size(ll));

% Say we have a rotation about the camera®s y axis
th = 30.0 * pi/180;

Ry = [ cos(th) 0 sin(th);

0 1 0; -sin(th) 0 cos(th)];

R 1 2 = Ry;

K= 128 0 128; 0 128 128; 0 0 1];

Kinv = inv(K);

% This is the projective transform (homography) from image 1 to image
2

H = K*R_1_2*Kinv
Hinv = inv(H);
for x2=1:size(12,2)
for y2=1:size(12,1)
p2 = [x2; y2; 1];
pl = Hinv * p2;
Pl = pl/pl(3);
% We"ll just pick the nearest point to pl (better way is to %
interpolate).
x1 = round(pl(l));
y1l = round(pl(2));
if x1>0 && xl<=size(l1,2) && y1>0 && yl<=size(ll,1)
12(y2,x2) = 11(yl,x1);
end
end
end
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. . Output image
- .
ENGIN : :
Pixel location (x,y): Pixel location (x,y):
389, 127; 0 0;
1964, 347; 13*23 ©;
419, 1674; 0 8*23
1983, 1325; 13*23 8*23;
B o
o

235 88 BRY IS
-
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0,0 YL o a4l
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(13*23), (8*23) : sl Conly s 4l

imtransform , cp2tform V‘S oo oalitl e e 2806 95 3l asl p opl 285 6l
(e ol s LSl e (PES], Pts2) J xS LS arws 5o &b el 33,5 cp2tform
(projective’) 55755, 31,5550 il sla Ol Sla o o 2S Gib S 16 0l
LS o dploma |
Tform = cp2tform(Pts1,Pts2,'projective’); :Jlws
S o B S e sr e Sle S Sl esliad L el S Ul dimitransform

ITrans = imtransform(11,Tform); :Jts
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clear all

close all

linl = imread("walll.jpg™);

imshow(linl,[]), impixelinfo;

% Location of control points in (X,y) input image coords (pixels)
% These are the corners of a rectangle that is 8 bricks high by 13
bricks % wide. Each brick is about 23 cm.

Pinl = [
389, 127; 1964, 347; 419, 1674; 1983, 1325;
1:

% Mark control points on input image
for i=1l:size(Pinl, 1)

rectangle("Position”, [Pinl(i,1)-10 Pinl1(i,2)-10 20
20], "FaceColor®, "r%);

end
% Define location of control points in output image. We"ll make 1
pixel
% equal to 1 cm. Also put the upper left control point at 0,0 pixels.
Poutl = [
0, 0; 13*23, 0;
0, 8*23; 13*23, 8*23;

1;

% Compute transform, from corresponding control points
Tforml = cp2tform(Pinl,Poutl, "projective”);

% Transform input image to output image

loutl = imtransform(linl,Tforml);

figure, imshow(loutl,[]);
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[ITrans, xdata, ydata] = imtransform(lin1, Tform1);
ol (Structure) ST zal ¢S (imtransform o 5 =) Tform cig> s

V.AA;‘.@;TJL&J‘};&M}J mﬁj\—a—\—r

2 a b 2sa 53 Gl s s 5 (S sl aals) (093 sl sl e 4SS 55 J- (O

o 215 162

~ Output points:
13*23,0;
- 22*23,0;
13%23, 8*23;
22%23,7423;

AL g 53 Sy SN S
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loutl = imtransform(linl, Tforml,
"XData“®,[-50 550],

"YData",[-25 250]);

lout2 = imtransform(lin2, Tform2,
"XData“® ,[-50 550],

"YData",[-25 250]);
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[H,W] = size(lout2);
Icombined = [loutl(:,1:floor(W/2)) lout2(:,floor(W/2)+1:end) ];
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clear all

close all

% Solve the system of equations Ax = 0
A=[100;

010 7];

[U,D,V] = svd(A);

x = V(:,end); % get last column of V
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clear all
close all
% Make a valid rotation matrix

ax = 0.1; ay = -0.2; az = 0.3; % radians

Rx = [ 1 0 0; 0 cos(ax) -sin(ax); 0 sin(ax) cos(ax)];
Ry = [ cos(ay) O sin(ay); 0 1 0; -sin(ay) 0 cos(ay)]:
Rz = [ cos(az) -sin(az) 0; sin(az) cos(az) 0; 0 0 1];

R =Rz * Ry * Rx

% Ok, perturb the elements of R a little

Rp = R + 0.01*randn(3,3)

[U.D,V] = svd(Rp); % Take SVD of Rp

D % Here is the actual matrix of singular values

% Recover a valid rotation matrix by enforcing constraints
Rc = U * eye(3,3) * V"
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clear all

close all

% Create camera matrix

f = 512; % focal length in pixels

CcX 256;

cy = 256;

K=[LfO0cx; OFfcy; 001T7]; % intrinsic parameter matrix
%6%%96%%%%6%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %

% Create input data

% This 1s used to reset the random number generator to the same
sequence

s = RandStream("swb2712","Seed",0);
RandStream.setDefaultStream(s);

% Create known 3D points (at least 6)

N = 8;

PM=1]

1-11-11-11-1;

11-1-111-1-1;

1111 -1-1-1-1;

11111111];

% Create true model-to-camera transform

ax = 0; ay = 20*pi/180; az = -30*pi/180;

tx = 0; ty = 0; tz = 6;

Rx = [ 10 0; 0 cos(ax) -sin(ax); 0 sin(ax) cos(ax)];
Ry = [ cos(ay) O sin(ay); 0 1 0; -sin(ay) 0 cos(ay)]l:
Rz = [ cos(az) -sin(az) 0; sin(az) cos(az) 0; 0 0 1];

Rtrue = Rz * Ry * Rx;

% Project points onto image

Mtrue = [ Rtrue [tx;ty;tz] ];

disp("Ground truth pose (Mtrue):"); disp(Mtrue);
% Project model points onto image

p = K*Mtrue*P_M;

p(1,:) = p(1,:)-/p(3,:);
p(2,:) = p(2,:)-/p(3,:);
pP(3,:) = p(3,:)-/p(3,:);

% Display input data

disp("Known model points:®); disp(P_M);
disp(“Measured image points:®); disp(p);
I = zeros(512,512);

imshow(l);

hold on

plot(p(1,:), p(2,:), "g*");

% Add some noise to the image points
p(1:2,:) = p(1:2,:) + 2.0*randn(2,N);
plot(p(1,:), p(2,:), "wW*");
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M= [ =2(1) 2(2) =(3) =2 (10);
% (4) 2(5) % (6) x(11);
x(7) =(8) =(9) =(12) 1;
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% Normalize image points
pn = inv(K)*p;

% Ok, now we have pn = Mext*P_M.

% 1T we know P_M and pn, we can solve for the elements of Mext.
% The equations for X,y are:

% x = (ri11*X + ri12*Y + ri13*Z + tx)/(r31*X + r32*Y + r33*Z + tz)
% y = (r21*X + r22*Y + r23*Z + ty)/(r31*X + r32*Y + r33*Z + tz)
% or

% r1l*X + rl12*Y + r13*Z + tx - X*r31*X - x*r32*Y - x*r33*Z - x*tz
% r21*X + r22*Y + r23*Z + ty - y*r31*X - y*r32*Y - y*r33*Z - y*tz
% Put elements of Mext into vector w:

w = [rll r12 r13 r21 r22 r23 r31l r32 r33 tx ty tz]

We then have Ax = 0. The rows of A are:

XY Z0O0O0 -x*X -x*Y -x*2 1 0 -x

000XY Z -y*X -y*Y -y*Z 10 -y

zeros(N,12);

for i=1:N

X = P_M(@,1); Y =P_M2,1); Z =P_M(B,i1);

x = pn(1,1); y = pn(2,i);

AC 2*(i-D+1, ) =

AC 2*(i-D)+2, ) =

end

% Solve for the value of x that satisfies Ax = 0.

% The solution to Ax=0 is the singular vector of A corresponding to
the

% smallest singular value; that is, the last column of V in A=UDV®
[U.D.V] = svd(A);

x = V(z,end); % get last column of V

% Reshape x back to a 3x4 matrix, M = [R t]

M= [ x(1) x(2) x(3) x(10);

x(4) x(5) x(6) x(11);

x(7) x(8) x(9) x(12) 1;

% here is the rotation and translation portion

R = M(1:3,1:3);

oo

>PXRXIEXX

000 -x*X -x*Y -x*2 1 0 -x ];
[0O0O0XY Z -y*X -y*Y -y*Z 0 1 -y ];:
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% R must be a right handed rotation matrix; ie det(R)>0
if det(R)<0

R = -R;
t = -t;
end

% Enforce fact that R has equal singular values, and they are = 1
[U.D,V] = svd(R);

R = U*diag([1 1 1])*V~;

myscale = trace(D)/3; % Also scale translation portion

M = [R t/myscale];

disp( Derived pose (M):"); disp(M);

% Reproject points back onto the image

p = K*M*P_M;
pP(1,:) = p(1,:)-/p(3,:);
pP(2,:) = p(2,:)-/p(3,:);
P@E,.:) = p@E,:)-/p(E,:);

plot(p(1,:), p(2,:), "r*7);
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% Evaluate error (from ground truth)

tdiff = M(1:3, 4) - Mtrue(1:3, 4);

fprintf("Translation error: %f\n", norm(tdiff));

Rdiff = R*Rtrue”; % Rotation between our answer and ground truth
ang = acos( (trace(Rdiff)-1)/2 );

fprintf("Rotation error (degrees): %f\n", ang*180/pi);
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% Create some 3D points in the world
10;
eros(4,N);

=T =
o
ninn==suu

r
N
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N;
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/
i

W(l i)
P w(2,1)
P_w(3,i)
P w(4,i)
end
plot3(P_w(1,:), P w(2,:), P w(3,:), "0-);
axis equal

axis vis3d

S
=

r*cos(a);
r*sin(a);
z,
1;
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%6%%%%%%6%6%%%%%%%6%6%%%%% % % %%%% %% % % %%%%%%% %
% Place two cameras in the world
tlorg w = [-3; -6; 5]; % Origin of camera 1 in world

uz = -tlorgw / norm(tlorg w); % Camera z points toward
origin

ux = cross(uz, [0;0;1]); % Camera x is in the world xy plane
ux = ux/norm(ux);

uy = cross(uz, ux); % Camera y is just z cross X

Hclw=T] ux uy uz tlorg w; 0 0 0 1];
t2org_ w = [+3; -6; 5]; % Origin of camera 2 in world

uz = -t2orgw / norm(t2org w); % Camera z points toward
origin
ux = cross(uz, [0;0;11); % Camera x is in the world xy plane

ux ux/norm(ux) ;

uy = cross(uz, ux); % Camera y is just z cross X
H_c2w = [ ux uy uz t2org_w; 0 0 0 1];

% Show cameras on the 3D plot

hold on

plot3(tlorg_w(1l), tlorg w(2), tlorg w(3), "*");
text(tlorg_w(1)+0.1, tlorg_w(2), tlorg w(3), "1%);
plot3(t2org w(1), t2org w(2), t2org w(3), "*");
text(t2org w(1)+0.1, t2org w(2), t2org w(3), "2%);
axis equal

axis vis3d
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% Create intrinsic camera matrix

f = 400; % focal length in pixels

CcX 200;

cy 200;

K= f0Ocx; O Fcy; 00117]; % intrinsic parameter matrix

‘J Lf'@’a) bl Lgﬂ}..pj Sloaises 038 9 LSLA QL@.“J\ a)Lﬂ.’;w‘L'c)E)‘u,:ouw‘).}
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%6%%96%%%%6%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %% %%
% Project the points onto the two cameras
% Project points onto imagel

Hwcl = inv(H_cl w);

Mext = H w c1(1:3,:);

pl = K*Mext*P_w;

p1(1,:) = pl(1,:)./pl(@8,:);
p1(2,:) = pl(2,:)./pl(3,:);
p1(3,:) = pl@E,:)-/pl@8,:);

pl(l:2,:) = p1l(1:2,:) + 2.0*randn(2,N); % Add a little noise
11 = zeros(400,400);

figure, imshow(ll, [D);

hold on

plot(pl(1,:), pl(2,:), "w.-");

% Project points onto image2

Hw c2 = inv(H_c2 w);

Mext = H w c2(1:3,:);
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p2 = K*Mext*P_w;

p2(1,:) = p2(1,:)-/p2(3,:);
p2(2,:) = p2(2,:)-/p2(@3,:);
pP2(3,:) = p2(3,:)-/p2(3,:);

p2(1:2,:) = p2(1:2,:) + 2.0*randn(2,N); % Add a little noise
12 = zeros(400,400);

figure, imshow(12, [1);

hold on

plot(p2(1,:), p2(2,:), "w.-");
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%%%96%%%%6%%%%6%%% %6%%% %% %% %% %% %% %% %% %% %% %%

% Reconstruct points

% First normalize the image points

pnl inv(K)*pl;

pn2 inv(K)*p2;

Pr w = zeros(3,N); % This holds the reconstructed points
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for 1=1:N

% The equations for image point X,y are:

% x = (r11*X + rl2*Y + rl13*Z + tx)/(r31*X + r32*Y + r33*Z +
tz)

% y = (r21*X + r22*Y + r23*Z + ty)/(r31*X + r32*Y + r33*Z +
tz)

% or

% (ril-x*r31)*X + (r12-x*r32)*Y + (ri13-x*r33)*Z = -tx + x*tz
% (r2l-y*r31)*X + (r22-y*r32)*Y + (r23-y*r33)*Z = -ty + y*tz
% Here, (X;Y;Z) are the unknowns. Put into the form Ax=b.

A = zeros(4,3);

b = zeros(4,1);

¢ Camera 1

X

rll = H w cl1(1,1); r12 = H_w _cl1(1,2); r13 = H_w_c1(1,3);
r21 = H w cl1(2,1); r22 = Hw cl1(2,2); r23 = H w _c1(2,3);
r31 = H w cl1(3,1); r32 = Hw cl1(3,2); r33 = H w _c1(3,3);

tx = Hw cl(1,4); ty = Hw cl1(2,4); tz = H w _cl1(3,4);
X = pnl(l,i); y = pnl(2,i);

A(L,:) [ r11-x*r31 rl12-x*r32 rl3-x*r33 ];

A(2,:) [ r21-y*r31 r22-y*r32 r23-y*r33 ];

b(1) = -tx + x*tz;

b(2) = -ty + y*tz;

% Camera 2

ril = H w c2(1,1); rl2 = H w_c2(1,2); r13 = H_w_c2(1,3);
r21 = H_w_c2(2,1); r22 = H_w_c2(2,2); r23 = H_w_c2(2,3);
r31 = H w c2(3,1); r32 = Hw c2(3,2); r33 = H w c2(3,3);

tx = Hw c2(1,4); ty = Hw c2(2,4); tz = H w_c2(3,4);
X = pn2(1,1); y = pn2(2,1);

A(3,:) [ r11-x*r31 r12-x*r32 rl13-x*r33 ];

A(4,:) [ r21-y*r31 r22-y*r32 r23-y*r33 ];

b(3) = -tx + x*tz;

b(4) = -ty + y*tz;

X = A\b; % Solve for (X;Y;Z) point position

Prow(:,i) = Xx;

end

T

e e Gl ) blE il e ol o

% Display reconstructed 3D points

figure(1);

hold on

plot3(Pr_w(1,:), Pr w(2,:), Pr w(3,:), "ro-");
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Model Based Pose Estimation ¢
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cos, —sinf, 0 cos¢, 0 siné, 1 0 0
sin), cos6, 0| R, = 0 1 0 R,=|0 cosf, —sméb,
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function p = fProject(x, P_M, K)

% Project 3D point onto image

% Get pose params

ax = x(1); ay = x(2); az = x(3);
tx = x(4); ty = x(5); tz = x(6);

% Rotation matrix, model to camera

Rx = [ 1 0 0; 0 cos(ax) -sin(ax); 0 sin(ax) cos(ax)];
Ry = [ cos(ay) O sin(ay); 0 1 0; -sin(ay) 0 cos(ay)]:
Rz = [ cos(az) -sin(az) 0; sin(az) cos(az) 0; 0 0 1];

R = Rz * Ry * Rx;

% Extrinsic camera matrix
Mext = [ R [tx;ty;tz] ];
% Project point

ph = K*Mext*P_M;

ph = ph/ph(3);

p = ph(1:2);

return
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Sl (kI e s 50 ST ESSBP = [XuY1XYai- ] g5 s X=[aX; ay; az; i ty; 7]

ph(1,:) = ph(1,:)./ph(3,:);
ph(2,:) = ph(2,:)./ph(3,:);

o8 8 o o D (sl ST s
ph = ph(1:2,:);
oo 3 (5t ol 2NXL 0T sl 87 L5 Sliains s 5l JS25 61 g
p = reshape(ph, [], 1);

Py g okss JolS sl 550

function p = fProject(x, P_M, K)
% Project 3D points onto image

% Get pose params
ax = x(1); ay = x(2); az
tx = x(4); ty = x(5); tz

x(3);
x(6);

% Rotation matrix, model to camera

Rx = [ 1 0 0; 0 cos(ax) -sin(ax); 0 sin(ax) cos(ax)];
Ry = [ cos(ay) O sin(ay); 0 1 0; -sin(ay) 0 cos(ay)]l:
Rz = [ cos(az) -sin(az) 0; sin(az) cos(az) 0; 0 0 1];

R = Rz * Ry * Rx;

% Extrinsic camera matrix
Mext = [ R [tx;ty;tz] ]1;
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% Project points
ph = K*Mext*P_M;

% Divide through 3rd element of each column
ph(1,:) ph(1,:).-/ph(3,:);

ph(2,:) ph(2,:)./ph(3,:);

ph = ph(1:2,:); % Get rid of 3rd row

p = reshape(ph, [1, 1); % reshape into 2Nx1 vector
return
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clear all
close all

I = imread("imgl_rect.tif");
imshow(l, [1)

% These are the points in the model"s coordinate system (inches)

PM=[ O 0 2 0 0 2;
10 2 0 10 2 0;
6 6 6 2 2 2;
1 1 1 1 1 11;
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% Define camera parameters

f = 715; % focal length in pixels
cx = 354;
cy = 245;

K=[ fO0Ocx; O Fcy; 0O011]; % intrinsic parameter matrix

% Make an initial guess of the pose [ax ay az tx ty tz]

%x = [1.5; -1.0; 0.0; 0; 0; 30];

%x = [1.5481; -0.8323; 0.0971; 0.9342; 2.9837; 8.3286]; % True
x = [0.5; 0; 0; 0; 0; 30];

% Get predicted image points by substituting in the current pose

y = fProject(x, P_M, K);

for 1=1:2:length(y)
rectangle("Position®, [y(i)-8 y(i+1)-8 16 16], "FaceColor®, "r");
end
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y = fProject(x,P_M,K);
= 0.000001;

J( ,1) = ( fProject(x+[e;0;0;0;0;0],P_ M,K) — y )/e;

J(:,2) = ( fProject(x+[0;e;0;0;0;0],P_ M,K) — y )/e;

J(:,3) = ( fProject(x+[0;0;e;0;0;0],P_M,K) — vy )/e

J(:,4) = ( fProject(x+[0;0;0;e;0;0],P_M,K) — vy )/e

J(:,5) = ( fProject(x+[0;0;0;0;e;0],P M,K) — y )/e;

J(:,6) = ( fProject(x+[0;0;0;0;0;e],P M,K) — y )/e;
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clear all
close all

I = imread("imgl rect.tif");
imshow(l, [1)

% These are the points in the model®s coordinate system (inches)
=[ O 0 2 0 0] 2;
10 2 0 10 2 0;
6 6 6 2 2 2;
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1 1 1 1 1 117];
% Define camera parameters
T = 715; % focal length in pixels
cx = 354;
cy = 245;
K=[ fO0Ocx; OFcy; 0O011]; % intrinsic parameter matrix

% Make an initial guess of the pose [ax ay az tx ty tz]

%x = [1.5; -1.0; 0.0; 0; 0; 30];

%x = [1.5481; -0.8323; 0.0971; 0.9342; 2.9837; 8.3286]; % True
x = [1.5; -1; 0; 0; 0; 30];

% Get predicted image points by substituting in the current pose

y = fProject(x, P_M, K);

for i=1:2:length(y)

o rectangle('Position', [y(i)-8 y(i+1)-8 16 16], "FaceColor",
e:d)’

pause

% Now improve the results;

% First measure the coordinates of control points.
y0 = [ 183; 147; % 1

350; 133; % 2

454 ; 144; % 3

176; 258; % 4

339; 275; % 5

444; 286 ]; % 6

for 1=1:25

fprintF("\nlteration %d\nCurrent pose:\n", i);
disp(x);

% Get predicted image points
y = fProject(x, P_M, K);

imshow(l, [1)
for i=1:2:1ength(y)
rectangle("Position®, [y(i)-8 y(i+1)-8 16 16], .--
"FaceColor®™, "rv);
end
pause(0.2);

% Estimate Jacobian
e = 0.00001; % a tiny number
J(:,1) = ( fProject(x+[e;0;0;0;0;0],P M,K) - y )/e;
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J(:,2) = ( fProject(x+[0;e;0;0;0;0],P_M,K) -y )/e;
J(:,3) = ( fProject(x+[0;0;e;0;0;0],P_ M,K) - y )/e;
J(:,4) = ( fProject(x+[0;0;0;e;0;0],P_ M,K) - y )/e;
J(:,5) = ( fProject(x+[0;0;0;0;e;0],P_M,K) - y )/e;
J(:,6) = ( fProject(x+[0;0;0;0;0;e],P_M,K) - y )/e;
% Error is observed image points - predicted image points
dy = y0 - y;
fprintf("Residual error: %f\n", norm(dy));
% Ok, now we have a system of linear equations dy = J dx
% Solve for dx using the pseudo inverse
dx = pinv(Jd) * dy;
% Stop if parameters are no longer changing
it abs( norm{dx)/norm(x) ) < le-6
break;
end
X = X + dx; % Update pose estimate
pause;
end
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u0 = fProject(x, [0;0;0;1], K); % origin

uX = fProject(x, [1;0;0;1], K); % unit X vector
uY = fProject(x, [0;1;0;1], K); % unit Y vector
uZ = fProject(x, [0;0;1;1], K); % unit Z vector

line([u0(1) uX(1)], [u0(2) uxX(2)], “Color®, "r®, “LineWidth", 3);
line(Juo(1) uY(1)], [u0(2) uY(2)], "Color®, "g", "LineWidth", 3);
line(Juo(1) uz(1)], [u0(2) uz(2)], "Color®, "b", "LineWidth", 3);
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Iright = im2double(imread("pentagonRight.png~));
Ileft = im2double(imread("pentagonLeft.png”));

% Disparity is d = xleft-xright

% So lleft(x,y) = Iright(x+d,y)

for d=-20:20
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Idiff = abs(lleft(:, 21:end-20) - Iright(:, d+21:d+end-20));
imshow(Idiff, [1);

pause

end
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% Simple stereo system using cross correlation
%%9%%%%%6%6%%%%%%%6%6%%%%%% % %6%%% %% % %6%6%% %% %% % %6%6%% %% % % %%6%% %% %% % %%6%% %% % %
%%9%%%%%6%%%%%%%%6%6%%%%%% % %6%%% %% % % %%%%% %% % % %%6%% %% % % %%6%% %% % % %%6%6%% %% %
%%9%%%%%6%6%%%%%%%6%6%%%%%% % %6%%% %% % % %%%%%%% % % %% | s TP ar t%%%%%%%%%%%%%
%6%9%%%%6%6%%%%% % %6%6%%6%%% % % %6%%6% %% % % %%6%6%6%% % % % %6%6%6% %% % % %%6%6%% %% % % %%6%% %% %
%6%9%%%%%6%6%%%%% % %6%%% %% % % %%%%%%

clear all

close all

% Constants

W=16; % size of cross-correlation template is (2W+1 x 2W+1)

DH = 50; % disparity horizontal search limit is -DH .. DH

DV = 8; % disparity vertical search limit is -DV .. +DV

Ileft = imread("left.png~);

Iright = imread("right.png~);

figure(1l), imshow(lleft, []), title("Left image™);

figure(2), imshow(lright, []), title("Right image®);

pause;

% Calculate disparity at a set of discrete points

xborder = W+DH+1;

yborder = W+DV+1;

XTsize = W+DH; % horizontal template size is 2*xTsize+l

yTsize = W+DV; % vertical template size is 2*yTsize+l
%6%9%%%%6%6%%%%% % %6%6%%%%% % % %%%6% %% % % %%%6%% %% % % %6%6%6% %% % % %%%6%%% % % %% %% %% %%
%6%9%%%%6%6%%%%% % %6%%%%%% % % %%%6% %% % % %%%6%6%% % % % %6%6%6% %% % % %%%6%% %% % %% %% %% %%
%%%%6%%%%%%%%%%%%%%Second
Part%%%%%%%6%6%%%%%%%%6%%%%%% % %6%%%%%% % %%%%%%% % % %%%%%%% % %%6%6%%%%%

npts = 0; % number of found disparity points

for x=xborder:W:size(lleft,2)-xborder

for y=yborder:W:size(lleft,1l)-yborder

% Extract a template from the left image centered at X,y
figure(1), hold on, plot(x, y, "rd"), hold off;

T = imcrop(lleft, [X-W y-W 2*W 2*W]);

%Figure(3), imshow(T, []), title("Template®);

% Search for match in the right image, in a region centered at
X,y

% and of dimensions DW wide by DH high.

IR = imcrop(lright, [x-xTsize y-yTsize 2*xTsize 2*yTsize]);
%Figure(4), imshow(IR, []1), title("Search area®);

% The correlation score image is the size of IR, expanded by W
in
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% each direction.
ccscores = normxcorr2(T,IR);
%Figure(5), imshow(ccscores, []), title("Correlation scores”);
% Get the location of the peak in the correlation score image
[max_score, maxindex] = max(ccscores(:));
[ypeak, xpeak] = ind2sub(size(ccscores) ,maxindex);
hold on, plot(xpeak, ypeak, "rd"), hold off;
% IFf score too low, ignore this point
if max_score < 0.85 continue;
end

%%%%%%%%6%%%%%%%%%%%%%%% %% % %% %% % %% %% % %% %% % 6% % %% %% % %% % %% %% % %% % %% %%
%%%%%%%%6%%%%%%%%%%%%%6%% %% % %% %6%% %% % %% %% % %% %% % %% % %% % %% 6% % %% %% % %% %%
%%9%%%%%%%%%%%%%%%% Thi rd
Part%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%6%%%6%% %% %% % %6%% %% %% % %%

% These are the coordinates of the peak in the search image
ypeak = ypeak - W;

Xxpeak = xpeak - W;

%Figure(4), hold on, plot(xpeak, ypeak, "rd"), hold off;

% These are the coordinates in the full sized right image
xpeak = xpeak + (x-xTsize);

ypeak = ypeak + (y-yTsize);

figure(2), hold on, plot(xpeak, ypeak, "rd"), hold off;

% Save the point in a list, along with its disparity

npts = npts+1;

xPt(npts) = Xx;

yPt(npts) = vy;

dPt(npts) = xpeak-x; % disparity iIs xright-xleft
Y%pause

end

end

figure, plot3(xPt, yPt, dPt, "d");
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clear all
close all

%% Create a virtual image

L = 300; % size of virtual image in pixels
I = zeros(L,L);

%Define iIntrinsic camera matrix

% Define ¥, u0, vO

f = L;
uo = L/2;
v0 = L/2;

% Create the matrix of intrinsic camera parameters
Mint = [ ¥ O uO;

0 f vO;

0 0 1];

DEG_TO_RAD = pi/180;

% Create some points on the face of the cube

PM=[
000000000121212;
21021021000000 0;
000-1-1-1-2-2-200-1-1-2 -2;
111111111111111;

1:

NPTS = length(P_M); %% Number of control points
%%9%%%%%6%6%%%%%% % %6%%%%%% % %6%6%%% %% % % %6%6%% %% % % % %%
% Define pose of model with respect to cameral

ax = 120 * DEG_TO_RAD;
ay = 0 * DEG_TO_RAD;
az = 60 * DEG_TO_RAD;
Rx = [ 10 0;

0 cos(ax) -sin(ax);

0 sin(ax) cos(ax) 1;

Ry = [ cos(ay) O sin(ay);

01 0;

-sin(ay) 0 cos(ay) 1;

Rz = [ cos(az) -sin(az) O;

sin(az) cos(az) O;

001 17];

R mcl =Rx * Ry * Rz;

Pmorg cl1 = [0; 0; 5]; % translation of model wrt camera
M = R_mcl Pmorg cl ]; % Extrinsic camera parameter matrix
%%%696%%%%6%%%%%%% %% %% %% %% %% %% %% %% %%% % %% % % %%




Y o sb o d do o ais oKl WA 5ol 05 5 geslS ey

%%Now create virtual Imagel
% Render image 1
plL =M * P_M;

% Divide on the third element to get xim and yim from x1,x2,x3
(as in homogeneous coordinates)

pl(1,:) = p1(1,:) ./ pl1(@3,:);
pl(2,:) = pl(2,:) -/ pl1(@3,:);
pl1(3,:) = p1@B,:) -/ pl(@B,:);

figure(1), imshow(l, []), title("View 17);

% Convert image points from normalized to unnormalized

u = Mint * pl;

for i=1:length(u)

rectangle("Position®, [u(l,i)-2 u(2,i)-2 4 4], "“FaceColor”,
)

end

pause

%6%%96%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %% %% %%%% %% %%

% Set up second view. For use the relative pose of C2 with
respect to Cl to get to the pose of the model with respect to
camera 2

% Define rotation of cameral with respect to camera2

ax = 0 * DEG_TO_RAD;
ay = -25 * DEG_TO_RAD;
az = 0;

Rx = [ 10 0;

0 cos(ax) -sin(ax);

0 sin(ax) cos(ax) 1:

Ry = [ cos(ay) O sin(ay);

01 0;

-sin(ay) 0 cos(ay) 1;

Rz = [ cos(az) -sin(az) O;

sin(az) cos(az) O;

00117;

R c2 cl = Rx * Ry * Rz;

% Define translation of camera2 with respect to cameral
Pc2org cl = [3; 0; 1];

% Figure out pose of model with respect to camera 2.
Hmcl=][RmclPmorg cl ; 00O 1];

Hc2 cl=1[R.c2cl Pc2org.cl ; 000 1];

H cl c2 = inv(H c2 _cl);

H m c2 Hcl c2 * Hmcl;

R m c2 Hm c2(1:3,1:3);

Pmorg _c2 = H_m_c2(1:3,4);

% Now time to form the camera2 Extrinsic parameter matrix
M = [ R_.m c2 Pmorg _c2 ];
%%9%%%%6%6%%%%%% % %6%6%%%%% % %%6%%%%% % %%6%%%%% % % %%

% Now we cam Render image 2 similar to what we did for Image 1
p2 = M * P_M;

p2(1,:) = p2(1,:) ./ p2(3,:);
p2(2,:) = p2(2,:) ./ p2(3,:);
P2(3,:) = p2(3,:) ./ p2(3,:);

figure(2), imshow(l, []1), title("View 2%);
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% Convert image points from normalized to unnormalized

u = Mint * p2;

for i=1:length(u)

rectangle("Position”, [u(l,i1)-2 u(2,i)-2 4 4], "FaceColor",
r);

end

pause

5 S Y Uslee |y S5 dols 5 4 S L pn W ex¥er omr 6K Tl s sl opl o
23Ue cpl 5l eslizad b N0 100 gm0 i 53 g Jawg )3 15 gl S e et
.{,:;f@;)bgswo),p4{‘,;’.,&.,"ulausawsw,m%ggx‘,&b&www;u
230k S5 slie 4 5 W3R &S 45 sl 3 4 Cored ctSs a5 s 5l OT 1 g
G,aufrendering)K@w&)ﬁ;uﬁ\)@\f“,@‘rglj:@d,f@\)s.ﬁsgg}gx(w
4oy s ple 53 LOT s polis Oy 1) LB (6 p gl Slabes jsbie ol (ol (5 5a
‘U.“)LQQTJ{.L:Sml{@oudujQ)}aﬁ‘\{&%ﬂd‘@‘.ﬁ))T‘Sﬂw."\{(M)@)u
oAb S 53 1y ek Olus Slaambes shte oyl Slp S st 53 ol b S5
A L )3 oSy i 1 oS 3 1 BB ol o bt 53l 03,5 0 st oLl

oebisn VIBWL 1) 555 o 3 8 Ul 535 Lo 5 o8 Sl (6 1 goad 0 (55
.r_...'f‘\.:.wl:u‘)"o)ua{)).}qw%d&ﬁ?js%l{VieWZﬁ»j‘s‘ﬁcmlﬁﬁr))dt&r.:)b
oS o Sl 5 Sl anh 1) o5 4 Jal ss JH 5 Oy e 5l el s ke ol (s

L&"”l mjdnu\*&ﬁbr).ﬁwa)jawg:«.«uddﬁ wjbCﬂ)Ab‘))|oJW|bW
c2 _

c1
H=7 H H
.upwdmawwow)“uw;.\i,\?ﬁ}d&jﬁuﬂM G

M

:@l;mﬁ\}ﬁ-ul}ﬁau;\ﬂ‘a)y):

Emcl =
0.3000 -0.8660 0
—-0.4330 -0.2500 -0.8660
0.7300 0.4330 —0.3000
Pmorg_cl =
S



1+0 o sb ) s a5 s oKl WAY 5oL Oy 5 eealS wys

L0000

S92 i Fle dsmles (O

% Calculate essential matrix from [t]x R_C2 C1
t = Pc2org_cl;
E=10 -t(3) t(2); t(3) 0 -t(D); -t(2) t(1) 0] * R_c2_c1;

:C~M3W¢b$‘uﬁﬁtgj?\Q

E =
0 -1.0000 0

-0.3615 0 -3.1415

0 3.0000 0
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% Draw epipolar lines
for i=1:length(p2)

Ffigure(1);

% The product I=E*p2 is the equation of the epipolar line
corresponding

% to p2, in the Ffirst image. Here, 1=(a,b,c), and the equation
of the

% line is ax + by + ¢ = 0.

1 = E * p2(:,i);

% Let"s find two points on this line. First set x=-1 and solve
% for y, then set x=1 and solve for y.

pLine0 = [-1; (-1(3)-1(D)*(-1))/1(2); 11;

pLinel = [1; (-1(3)-1(1))/1(2); 1]:
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% Convert from normalized to unnormalized coords

pLine0 = Mint * pLineO;

pLinel = Mint * pLinel;

line([pLine0(1) pLinel(1)], [pLine0(2) pLinel(2)], "Color-,
rY);

pause

end

s mﬁ\? wl p sl &) gm s

View 1 View 2

Epipolar lines corresponding to Epipolar lines corresponding to points
points in the second image, in the first image, projected onto the
projected onto the first image second image
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% Create an

between the
% views, and corresponding image points.

clear all
close all
L = 300; % size of image iIn pixels
11 = zeros(L,L);
% Define F, uO, VvO
f=1L;
uo = L/2;
v0 = L/2;
% Create the matrix of intrinsic camera parameters
K=[f 0 u0;
0O f vO;
0O O 1];

DEG_TO_RAD = pi/180;

% Create some points on the face of a cube

P_M

el = O N O Il

L

RPORFRO

R OOO

image pair with known rotation and translation

o O O o o o
2 1 0 2 1 0
-1 -1 -1 -2 -2 -2
1 1 1 1 1 1

1 2 1 2;
0 0 0 0;
-1 -1 -2 -2;
1 1 1 1;

R OO
ROON

. [ . = . . 4
gh o il 135 a5 el S ol el

o ph op S 5y bl IS S il (s el S s 53 o7
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NPTS = length(P_M);

%%9%%%%%6%6%%%%%%%%6%6%%%%% % %%%%% %% % % %%%%%%% % % %%
% Define pose of model with respect to cameral

ax = 120 * DEG_TO_RAD;
ay = 0 * DEG_TO_RAD;
az = 60 * DEG_TO_RAD;
Rx =1 0 0;
0 cos(ax) -sin(ax);
0 sin(ax) cos(ax) 1;
Ry = [ cos(ay) 0 sin(ay);
0 1 0;
-sin(ay) 0 cos(ay) 1:
Rz = [ cos(az) -sin(az) 0;
sin(az) cos(az) 0;
0 0 11;

R_mcl =Rx * Ry * Rz;
Pmorg _cl = [0; 0O; 5]; % translation of model wrt camera

M = R_m cl Pmorg cl ]; % Extrinsic camera parameter matrix
%69%%%%%6%6%%%%% % %6%6%%%% % % %6%6%6%% %% % %%6%6%6%%% % % %%

% Render image 1
pl = M * P_M;

pl1(1,:) = p1(1,:) .7 pl(3,:);
pl(2,:) = pl(2,:) ./ pl(3,:);
p1(3,:) = p1(3,:) .7 pl1(@3,:);

ul = K * pi; % Convert image points from normalized to
unnormalized
for i=1:length(ul)
x = round(ul(l1,i)); y = round(ul(2,1));
11(y-2:y+2, x-2:x+2) = 255;
end
figure(1), imshow(ll, [1), title("View 17);
pause

%6%%%%%%6%6%%%%% % % %6%6%6%% %% % %6%6%6%6% %% % % %%%6%%%% % % %%

% Set up second view.

% Define rotation of cameral with respect to camera2
ax = 0 * DEG_TO_RAD;

ay = -25 * DEG_TO_RAD;
az = 0;
Rx = [ 1 0 0;
0 cos(ax) -sin(ax);
0 sin(ax) cos(ax) 1;
Ry = [ cos(ay) 0 sin(ay);
0 1 0;
-sin(ay) 0 cos(ay) 1;
Rz = [ cos(az) -sin(az) 0;
sin(az) cos(az) 0;

0 0 17;
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R c2 cl = Rx * Ry * Rz;

% Define translation of camera2 with respect to cameral
Pc2org cl = [3; 0; 1];

% Figure out pose of model wrt camera 2.
Hmcl=][RmclPmorgcl; 0OO1];

Hc2 cl =[ R c2 cl Pc2org _cl ; 00O0 1];
H cl c2 = inv(H c2 _cl);

Hmc2 =Hocl c2* Hmcl;

Rmc2 =Hmc2(1:3,1:3);

Pmorg_c2 = H_m_c2(1:3,4);

% Extrinsic camera parameter matrix
M = [ R_m_c2 Pmorg_c2 ];

%%9%%%%6%6%6%%%%%%%6%6%%%%% % %%6%%%%% % %%%%%%% % % %%
% Render image 2
12 = zeros(L,L);
p2 = M * P_M;

p2(1,:) = p2(1,:) ./ p2(3,:);
p2(2,:) = p2(2,:) -/ p2(3,:);
p2(3,:) = p2@E,:) ./ p2@3,:);

% Convert image points from normalized to unnormalized
u2 = K * p2;

for i=1:length(u2)
X = round(u2(1,i)); y = round(u2(2,1));
12(y-2:y+2, x-2:x+2) = 255;

end

Ffigure(2), imshow(12, [1), title("View 27);

disp("Points in image 1:7);
disp(ul);

disp("Points in image 2:7);
disp(u2);

imvrite(11, "11.tif");
imvrite(12, "12.tif");

% This is the "true" essental matrix between the views

t = Pc2org_cl;

Etrue = [ 0 -t(3) t(2); t(3) 0 -t(1); -t(2) t(1) 0] * R_c2_c1;
disp("True essential matrix:");

disp(Etrue);

save("ul.mat®, "ul")
save("u2_.mat®, "u2")

% Save points to Ffiles

g U LT B L O T
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% Compute essential matrix E from point correspondences.

% We know that pl® E p2 = 0, where pl,p2 are the normalized
image coords.

% We write out the equations in the unknowns E(i,]j)

% Ax =0

%% Asume some tie points

pls=[61.4195 102.1798 150.0000 68.3768 106.2098 150.0000
74.3208 109.6134 150.0000 176.0870 196.1538 174.0000
192.8571 172.2222 190.0000;

124.4290 136.1955 150.0000 167.2490 181.1490 197.2377
203.8325 219.1146 236.6025 127.4080 110.0296 170.7846
150.0000 207.7350 184.6410;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000];

p2s=[ 45.5272 63.4568 86.9447 61.6620 80.2653 104.1468
75.7981 94._.7507 118.6606 135.5451 176.3357 147.5739
184.5258 157.8633 191.6139;

126.5989 136.7293 150.0000 165.9997 180.2731 198.5963
200.5196 217.7991 239.5982 125.7710 105.4355 172.3407
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150.0000 212.1766 188.5687;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000];

A = [pls(1,:)"-*p2s(1,:)" pls(l,:)"-*p2s(2,:)" pls(i,:)"
pls(2,:)".*p2s(1,:)" pls(2,:)".*p2s(2,:)" pls(2,:)" ...
p2s(1,:)" p2s(2,:)" ones(length(pls),1)];

% The solution to Ax=0 is the singular vector of A corresponding
to the

% smallest singular value; that is, the last column of V in
A=UDV*

[U.D,V] = svd(A);

x = V(:,size(V,2)); % get last column of V

% Put unknowns into a 3x3 matrix. Transpose because Matlab®s
"reshape"

% uses the order E11 E21 E31 E12 ...

Escale = reshape(x,3,3)";
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pl=pls; p2=p2s; %% To get point correspondence from previous
program.

%6%9%%%%%6%6%%%%% % %%6%%%%%% % %%%%% %% % % %%%%%% % % % %%

% Scale and translate image points so that the centroid of

% the points is at the origin, and the average distance of the
points to the

% origin is equal to sqgrt(2).
%6%9%%%%%6%%%%%%% % %6%%%%%% % %%%%% %% % % %%%%%% % % % %%

xn = pl(1:2,:); % xn is a 2xN matrix

N = size(xn,2); %% Number of points
t = (/N) * sum(xn,2); % this is the (x,y) centroid of the
points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix
dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
IxN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is
sqrt(2)

Tl = [s*eye(2), -s*t ; 0 0 1];

pls = T1 * pi;

xn = p2(1:2,:); % xn is a 2xN matrix

N = size(xn,2);

t = (/N) * sum(xn,2); % this is the (x,y) centroid of the
points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix
dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
IxN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is

sqrt(2)
T2 = [s*eye(2), -s*t ; 0 0 1];
p2s = T2 * p2; % Finally, this preconditions the points

ol S e 0 xS b gl 53 B B S e Il 5o sl ol s

Sl Sa blE b Slasie JU! 5 Gelde il 53 BB o 5l o580 il
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[U,D,V] = svd(Escale);

Escale = U*diag([1 1 0])*V';
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% Calculate the essential matrix.
clear all
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close all

K =] 300 0 150; % intrinsic camera parameters

0 300 150;

0 0 1];

% These are the points iIn image 1

ul = [

61.4195 102.1798 150.0000 68.3768 106.2098 150.0000 74.3208
109.6134 150.0000 176.0870 196.1538 174.0000 192.8571 172.2222
190.0000;

124.4290 136.1955 150.0000 167.2490 181.1490 197.2377 203.8325
219.1146 236.6025 127.4080 110.0296 170.7846 150.0000 207.7350
184.6410;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 ];

% These are the corresponding points in image 2

u2 = [

45_5272 63.4568 86.9447 61.6620 80.2653 104.1468 75.7981 94.7507
118.6606 135.5451 176.3357 147.5739 184.5258 157.8633 191.6139;
126.5989 136.7293 150.0000 165.9997 180.2731 198.5963 200.5196
217.7991 239.5982 125.7710 105.4355 172.3407 150.0000 212.1766
188.5687;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 ];

11 = imread("I11.tif");

12 = Iimread("I12_tif");

% Display points on the images for visualization
imshow(l11, [D;

for i=1:length(ul)

x = round(ul(1,i)); y = round(ul(2,i1));
rectangle("Position®, [x-4 y-4 8 8], “EdgeColor®, °“r");
text(x+4, y+4, sprintf("%d", 1), "Color", "r");

end

figure, imshow(12, [1);

for i=1:length(u2)

x = round(u2(1,i1)); y = round(u2(2,1));
rectangle("Position”, [x-4 y-4 8 8], "EdgeColor”, "r");
text(x+4, y+4, sprintf("%d", 1), "Color", "r");

% Get normalized image points
pl inv(K)*ul;
p2 inv(K)*u2;

%% PRECONDITIONING
%9%9%6%6%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %%%% %%%% %%%%

% Scale and translate image points so that the centroid of

% the points is at the origin, and the average distance of the
points to the

% origin is equal to sqrt(2).
%9%9%6%6%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %%%% %%%% %%%%

xn = pl(1:2,:); % xn is a 2xN matrix

N size(xn,2);

t (1/N) * sum(xn,2); % this is the (x,y) centroid of the
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points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix
dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
1xN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is
sqrt(2)

Tl = [s*eye(2), -s*t ; 0 0 1];

pls = T1 * pi;

xn = p2(1:2,:); % xn is a 2xN matrix

N = size(xn,2);

t = (/N) * sum(xn,2); % this is the (x,y) centroid of the
points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix
dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
1xN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is
sqrt(2)

T2 = [s*eye(2), -s*t ; 0 0 1];

p2s = T2 * p2;

% Compute essential matrix E from point correspondences.

% We know that pls® E p2s = 0, where pls,p2s are the scaled
image coords.

% We write out the equations in the unknowns E(i,]j)

% AXx =0

A = [pls(l,:)".-*p2s(1,:)" pils(l,:)"-*p2s(2,:)" pils(1,:)" ...
pls(2,:)".*p2s(1,:)" pls(2,:)".*p2s(2,:)" pls(2,:)" ...
p2s(1,:)" p2s(2,:)" ones(length(pls),1)];

% The solution to Ax=0 is the singular vector of A corresponding
to the

% smallest singular value; that is, the last column of V in
A=UDV*™

[U.D,V] = svd(A);

X = V(:z,size(V,2)); % get last column of V

% Put unknowns into a 3x3 matrix. Transpose because Matlab®s
""reshape"’

% uses the order E11 E21 E31 E12 ...

Escale = reshape(x,3,3)";

%%%%%%%  POSTCONDITIONING

% Force rank=2 and equal eigenvalues
[U,D,V] = svd(Escale);

Escale = U*diag([1 1 O])*V~;

end
%% REMOVE THE EFFECT OF PRECONDITIONING

% Undo scaling
E = T1" * Escale * T2;
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disp(“Calculated essential matrix:");

disp(E);
save E
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%%9%696%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %

% Extract motion parameters from essential matrix.
% We know that E = [tx] R, where

% [tx] = [ O -t3 t2; t3 0 -t1; -t2 t1 0]

%

% If we take SVD of E, we get E = U diag(1,1,0) V-
% t is the last column of U

[U.D,V] = svd(E);

W=1][0-10; 100; 00 1];

%% Now from the 4 possible combinations of R and t
Hresult c2 cl1(:,:,1) [ U*w*v*® U(:,3) ; 00 0 1];
Hresult_c2_c1(:,:,2) [ u*w*v® -U(:,3) ; 0 0 0 1];
Hresult_c2_cl1(:,:,3) [ U*w=*v* U(z,3) ; 0 0 0 1];
Hresult_c2_cl(:,:,4) [ uU*w=*v* -U(:,3) ; 0 0 0 1];
% make sure each rotation component is a legal rotation matrix
for k=1:4

if det(Hresult c2 c1(1:3,1:3,k)) <O
Hresult_c2_c1(1:3,1:3,k) = -Hresult_c2_c1(1:3,1:3,k);
end

end

C1

S o e )
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t=u3 ; R=UWV'

t=u3 ; R=UW'V'
t=-u3; R= UWV'
t=-u3; R= UW'V'
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plx = [ 0 -p1(3,1) pl(2,1); % skew symmetric matrix

P1(3,1) 0 -p1(1,1);

-p1(2,1) p1(1,1) O ];

p2x = [ 0 -p2(3,1) p2(2,1);

p2(3,1) 0 -p2(1,1);

-p2(2,1) p2(1,1) 0 ];

A= plx * M1; p2x * M2 ];

% The solution to AP=0 is the singular vector of A corresponding
to the

% smallest singular value; that is, the last column of V 1in
A=UDV*

[U.D,V] = svd(A);

P =V(:,4); % get last column of V

Plest = P/P(4); % normalize

ol IR CJ\;-)LQ.?‘-J.:JML'JJJJ J.'j.& C‘fé’.«w‘A w;L‘J\tJR%L’QTJ‘w

-J%T&W°4%tﬁRﬁ

for i=1:4

Hresult _cl1 c2 = inv(Hresult_c2_cl1(:,:,i));

M2 = Hresult_cl c2(1:3,1:4);

A= plx * M1; p2x * M2 ];

% The solution to AP=0 is the singular vector of A corresponding
to the

% smallest singular value; that is, the last column of V 1in
A=UDV*

[U.D.V] = svd(A);

P = V(:,4); % get last column of V

Plest = P/P(4); % normalize

P2est = Hresult_cl c2 * Plest;

if Plest(3) > 0 & P2est(3) > 0

Hest c2 cl1 = Hresult c2 cl(:,:,i); % We"ve found a good solution
break; % break out of for loop; can stop searching
end

end
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%6%%696%%%%6%%%%6%%%6%6%%%%6%%%%%%%6%%% % %% % % %% % % %% % % %%
Hest cl1 c2 = inv(Hest_c2_cl);

M2est = Hest_cl c2(1:3,:);

% Reconstruct point positions (these are good to the same scale
factor)

fprintf("Reconstructed points wrt cameral:\n");
for i=1:length(pl)

plx = [ 0 -p1(3,i) pl(2,i);

p1(3,1) 0 -p1(l,i);

-p1(2,1) pl(1,i) O ;

p2x = [ 0 -p2(3,1) p2(2,1);

p2(3,1) 0 -p2(1,i1);

-p2(2,1) p2(1,i) 0 ];

A= plx * M1; p2x * M2est ];

[U.D,V] = svd(A);

P =V(,4); % get last column of V

Plest(:,i) = P/P(4); % normalize

fprintfF(C"%F %F %f\n", Plest(l,i), Plest(2,i),Plest(3,1));
end

% Show the reconstruction result in 3D

figure;
plot3(Plest(l,:),Plest(2,:),Plest(3,:),"d");
axis equal;

axis vis3d;
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% Calculate the Fundamental matrix.

clear all

close all

K =] 300 0 150; % intrinsic camera parameters

0 300 150;

0 0 1];

% These are the points iIn image 1

ul = [

61.4195 102.1798 150.0000 68.3768 106.2098 150.0000 74.3208
109.6134 150.0000 176.0870 196.1538 174.0000 192.8571 172.2222
190.0000;

124.4290 136.1955 150.0000 167.2490 181.1490 197.2377 203.8325
219.1146 236.6025 127.4080 110.0296 170.7846 150.0000 207.7350
184.6410;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 7];

% These are the corresponding points in image 2

u2 = [

45 _5272 63.4568 86.9447 61.6620 80.2653 104.1468 75.7981 94.7507
118.6606 135.5451 176.3357 147.5739 184.5258 157.8633 191.6139;
126.5989 136.7293 150.0000 165.9997 180.2731 198.5963 200.5196
217.7991 239.5982 125.7710 105.4355 172.3407 150.0000 212.1766
188.5687;

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 ];

11 = imread("I11.tif");
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12 = imread("12.tif");

% Display points on the images for visualization
imshow(l11, [D;

for i=1:length(ul)

X = round(ul(l,i)); y = round(ul(2,i));
rectangle("Position”, [x-4 y-4 8 8], "EdgeColor®, "rv);
text(x+4, y+4, sprintf("%d", 1), "Color", "r");

end

figure, imshow(12, [1)
for i=1:length(u2)

X = round(u2(1,i1)); y = round(u2(2,1));
rectangle("Position”, [x-4 y-4 8 8], "EdgeColor”, "r");
text(x+4, y+4, sprintf("%d", 1), "Color", "r");

end

% Get unnormalized image points
pl = ul;

p2 = u2;

%%%696%%%%6%%%%6%%% %6%%% %%%% %% %% %% %% %%%% %%%% %% %%

% Scale and translate image points so that the centroid of

% the points is at the origin, and the average distance of the
points to the

% origin is equal to sqrt(2).
%%%696%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %%%% %%%% %% %%

xn = pl(1:2,:); % xn is a 2xN matrix

N = size(xn,2);

t = (/N) * sum(xn,2); % this is the (x,y) centroid of the
points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix
dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
1xN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is
sqrt(2)

Tl = [s*eye(2), -s*t ; 0 0 1];

pls = T1 * pi;

xn = p2(1:2,:); % xn is a 2xN matrix

N = size(xn,2);

t = (/N) * sum(xn,2); % this is the (x,y) centroid of the
points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix

dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is
1xN vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is
sqrt(2)

T2 = [s*eye(2), -s*t ; 0 0 1];

p2s = T2 * p2;

% Compute fundamental matrix F from point correspondences.

% We know that pls® F p2s = 0, where pls,p2s are the scaled
image coords.

% We write out the equations in the unknowns F(i,]j)

% Ax =20

A = [pls(1,:)"-*p2s(1,:)" pls(1,:)"-*p2s(2,:)" pls(1,:)" ...
pls(2,:)".*p2s(1,:)" pls(2,:)".*p2s(2,:)" pls(2,:)" ...
p2s(1,:)" p2s(2,:)" ones(length(pls),1)];

% The solution to Ax=0 is the singular vector of A corresponding
to the
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% smallest singular value; that is, the last column of V in
A=UDV*™

[U.D,V] = svd(A);

x = V(:,size(V,2)); % get last column of V

% Put unknowns into a 3x3 matrix. Transpose because Matlab®s
""reshape"’

o sb o d do o ais oKl WA 5ol 05 5 geslS ey

% uses the order F11 F21 F31 F12 ...

Fscale = reshape(x,3,3)";

% Force rank=2

[U,D,V] = svd(Fscale);

Fscale = U*diag([D(1,1) D(2,2) 0]D*V~;

% Undo scaling

F =T1" * Fscale * T2;

disp(“Calculated fundamental matrix:");
disp(F);

save F
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% Now match these points to another image

12 = double(imread("test012.jpg~));

THRESH = 0.8; % correlation score threshold

% For each corner point found above, we will extract a template
subimage of

% size NxN centered on that point, and try to match it to the second
image.

nPts = 0; % actual number of matching points found

for i=1l:maxPts

x = cols(indices(i)); % Location of corner point

y = rows(indices(i));

% Get the template from the first image, surrounding this point
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M = Floor(N/2);

if x<=M || x>size(11,2)-M continue; end

if y<=M || y>size(11,1)-M continue; end

T = 11(y-M:y+M, X-M:x+M);

C = normxcorr2(T,12); % Do normalized cross correlation

% The scores image C is bigger than 1, by M rows and M columns along
4 the sides and the top and bottom. So when we find the location of
4 the peak score, we should subtract M from the indices.

cmax = max(C(:));

if cmax < THRESH continue; end

[yp xp] = Find(C==cmax);

yp = yp-M;

Xp = Xp-M;

fprintf("Point %d matches with score=%f\n", 1, cmax);

nPts = nPts + 1;

XX

x1(1,nPts) = x;
x1(2,nPts) = vy;
x1(3,nPts) = 1;
x2(1,nPts) = xp;
x2(2,nPts) = yp;
x2(3,nPts) = 1;
End

% Draw matched points

figure, imshow(ll, [1);

for i=1:nPts

x = x1(1,i1);

y = x1(2,1);

rectangle("Position®, [x-N/2 y-N/2 N N], "EdgeColor®, "y*");
text(x+N/2,y+N/2, sprintf("%d*, i), "Color®, "w"); % label with id
number

end

figure, imshow(12, [1);

for i=1:nPts

x = x2(1,i1);

y = x2(2,1);

rectangle("Position®, [x-N/2 y-N/2 N N], "EdgeColor®, "y");
text(x+N/2,y+N/2, sprintf("%d", i), "Color", "w"); % label with id
number

end

% Grab 8 matching points at random from x1,x2
v = randperm(length(x1));

disp("Choosing points:"); disp(v(1:8));

pl = x1(:,v(1:8));

p2 = x2(:,v(1:8));

figure, imshow(l1l, [1);

for 1=1:8
x = pl(l,i);
y = pl(2,1);

rectangle("Position”, [x-N/2 y-N/2 N N], "EdgeColor®, "y");
text(x+N/2,y+N/2, sprintf("%d", v(i)), "Color™, "w"); % label
end

figure, imshow(12, [D:;

for 1=1:8
X = p2(1,i);
y = p2(2,1);

rectangle("Position™, [x-N/2 y-N/2 N N], "EdgeColor®, "y");
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text(X+N/2,y+N/2, sprintf("%d", v(i)), "Color®, *w"); % label
end

%%%%6%%%%6%%%%6%%%%6%%% %% %% %% %% %% %% %% %% %% %% %%%%

% Scale and translate image points so that the centroid of

% the points is at the origin, and the average distance of the points
to the

% origin is equal to sqrt(2).
%6%%%6%%%%6%%%%6%%% %6%%% %% %% %% %% %% %% %% %% %% %% %% %%

xn = p1l(1:2,:); % xn is a 2xN matrix

N size(xn,2);

t (1/N) * sum(xn,2); % this is the (X,y) centroid of the points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix

dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is 1xN
vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is sqrt(2)

Tl = [s*eye(2), -s*t ; 0 0 1];

pls = T1 * pi;

xn = p2(1:2,:); % xn is a 2xN matrix

N size(xn,2);

t (1/N) * sum(xn,2); % this is the (Xx,y) centroid of the points

xnc = xn - t*ones(1,N); % center the points; xnc is a 2xN matrix

dc = sgrt(sum(xnc.”2)); % dist of each new point to 0,0; dc is 1xN
vector

davg = (1/N)*sum(dc); % average distance to the origin

s = sqrt(2)/davg; % the scale factor, so that avg dist is sqrt(2)

T2 = [s*eye(2), -s*t ; 0 0 1];

p2s = T2 * p2;

% Compute fundamental matrix F from point correspondences.

% We know that pls®™ F p2s = 0, where pls,p2s are the scaled image
coords.

% We write out the equations in the unknowns F(i,]j)

% Ax =20

A = [pls(1,:)"-*p2s(1,:)" pls(l,:)"-*p2s(2,:)" pls(l,:)" ...
pls(2,:)".-*p2s(1,:)" pls(2,:)"-*p2s(2,:)" pls(2,:)" ...

p2s(1,:)" p2s(2,:)" ones(length(pls),1)];

% The solution to Ax=0 is the singular vector of A corresponding to
the

% smallest singular value; that is, the last column of V in A=UDV*
[U.D,V] = svd(A);

x = V(z,size(V,2)); % get last column of V

% Put unknowns into a 3x3 matrix. Transpose because Matlab"s "‘reshape™
% uses the order F11 F21 F31 F12 ...

Fscale = reshape(x,3,3)";

% Force rank=2

[U,D,V] = svd(Fscale);

Escale = U*diag([D(1,1) D(2,2) O])*V~;

% Undo scaling

F =T1" * Fscale * T2;

disp(“Calculated fundamental matrix:");

disp(F);

%%9%%%%%6%6%%%%%%%6%6%%%%%% % %%6%%%%% % %%6%6%% %% % % %% %% %% %%

% Check error residuals for all matching pairs of points
figure

for i=1:length(x2)
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subplot(1,2,1), imshow(11,[1);

% The product I=F*p2 is the equation of the epipolar line
corresponding

% to p2, in the Ffirst image. Here, 1=(a,b,c), and the equation of the
% line is ax + by + ¢ = 0.

1 = F * x2(:,1);

% Let"s find two points on this line. First set x=1 and solve

% for y, then set x=L and solve for y.

L = size(l11,2);

pLineO = [ 1; (-1(3)-1(1)*(1))/1(2); 1];

pLinel = [ L; (-1(3)-1(1)*(L))/1(2); 1];

line([pLine0(1) pLinel(1)], [pLine0(2) pLinel(2)], “Color®, "rv);
rectangle("Position”, [x1(1,i)-4 x1(2,i)-4 8 8], "EdgeColor®, "r%);
text(xX1(1,1)+4, x1(2,1)+4, sprintf("%d", i), "Color®, "rv);
subplot(1,2,2), imshow(12,[1);

rectangle("Position®, [x2(1,i)-4 x2(2,i)-4 8 8], "EdgeColor®, "g");
text(x2(1,1)+4, x2(2,1)+4, sprintf("%d", i), "Color®, "gT);

% Calculate residual error. The product pl**F*p2 should = 0. The

% difference is the residual.

res = x1(:,1)" * F * x2(:,1);

fprintf("Residual is %f\n", res);

pause%(0.25);

end
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