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2D affine transform parameters by Gaussian elimination
with pivoting

Tariq N. Ataiwe!, Israa Hatem?, Hisham M. Jawad Al Sharaa’

Abstract: In many geomatics, computer vision, and computer-aided applications, coordinate transformations
are needed to transform from one coordinate system to another, especially in geodesy and photogrammetry.
In photogrammetry one of the important coordinates transformation methods used to transform photo
coordinates is the 2D affine transformation which takes into consideration the change in the differences in
scale factor in the x and y directions. In this paper, a new method for computing the 2D affine transform
parameters will be introduced, the problem of the 2D affine transform method has been solved by Gaussian
elimination with pivoting. We have derived equations by which to find transformation parameters. Geometric
transformation is a technique used to define the properties of common features between different images
using the same coordinates basis, This method can be effectively used in image processing and computer
vision to facilitate the computation process throughout eliminating the need for solving the inverse of the
matrix.
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1. Introduction

The frequent problem in Photogrammetry is converting an arbitrary (unknown) rectangular
coordinate system to another calibrated (known) rectangular coordinate system [1, 2]. In
computer vision and photogrammetry, unknown coordinates are usually selected for a series
of points, with respect to an arbitrary rectangle coordinate system [3,4]. 2D coordinate
transformation is the process of transferring data between different coordinate systems [5, 6].

Coordinate transformations can be considered the mathematical model through which
the amount of transformation of any element can be numerically recognized by (reflecting,
rotating, translating, and changing the scale).

For the affine transformation, there are two parameters of scale factors, one in the x-
axis and the second one in the y-axis [7-10]. In photogrammetry and computer vision
frequently employ this transformation in the process of interior orientation [10, 11]. When
one two-dimensional coordinate system (arbitrary coordinate) is projected onto another
nonparallel system (calibrated coordinates) [12, 13]. This type of transformation may convert
coordinates for geodetic applications and is frequently used in photogrammetry and cadastral
surveying [14—17] and is considered one of the methods in the geometric correction in GIS
and image processing [18, 19].

The points themselves must have their known coordinates in two systems in order to
complete the procedure, the arbitrary and calibrated coordinate system, so that a number of
repeated fuctions in the X, and y coordinates are achieved. This system of functions can be
solved directly with linear and nonlinear least squares [20,21], or the transformation coefficients
can be estimated by the multiple regression coefficients computation method [22,23].

It is challenging to estimate all six affine parameters using the traditional Radon transform
methods without iterations [24]. Hence, novel methods and approaches in this field have been
explored and suggested, such as utilizing a line integral transform that is invariant to affine
deformation to compute a 2D matrix of affine invariants are efficient [25], and an approach
based on the Radon transform is proposed to directly estimate the six affine parameters in
a novel method. Such new methods are useful for 2D affine transformation parameters, which
enhances the accuracy and efficiency.

In this research, a new approach for computing the transformation parameters is presented
which can give a fast and direct solution that can be used in computer vision and image
processing.

2. Transformation parameters

In general, there are four sets of parameters that might be involved in the coordinates
transformation:
1. Scale change “scaling”, occurs due to a change in size which might be one-dimensional,
two-dimensional, or three-dimensional.
2. Reflection this occurs in the case of coordinates transformation, from a left-hand system
to a another right-handed system and vice versa.
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3. Rotation, this occurs if the coordinates axes of the two systems are not parallel to each
other.
4. Translation, this occurs if the coordinate systems have a different origin [2].

2.1. Two-dimensional conformal coordinate transformation

The conformal transformation applied to the figures or shapes does not change their true
form after applying transformation. To apply 2D conformal transformation, it is indispensable to
know the coordinates of two points in at least two systems. The accuracy of the transformation
is improved, if the points are chosen as much as possible far from each other [26,27].

With reference to the Fig. 1.
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Fig. 1. Coordinate systems rotated by an angle 6
We have:
2.1 x =Dcos(B—-0)
2.2) y = Dsin(8 - 6)
2.3) x = DcosBcosf + DsinSsin6
24 y = Dsinfcosf — DcosBsinf
2.5) x=Dcosp

(2.6) y=Dsing
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Substitute Eq. 2.5 and Eq. 2.6 into Eq. 2.3 Eq. and 2.4 we get:

2.7 X =Xxcosf +ysinf
(2.8) y=ycosf —xsinf
Or in matrix form:
2.9) [xlz[ cos 6 sinﬂl[fl
y —sinf cos@ ||y
Or:
(2.10) X =MX
Regarding that M = Rotation matrix = Orthogonal matrix:
(2.11) MT =Mt
(2.12) L X=M'X

After adding the scale factor:

x cos @ —sinf | | x
(2.13) _|=s
y sinf cosé ||y
And after adding the translation:
X cos@ —sinf || x Tx
(2.14) _|=s
y sinf cos@ ||y Ty

If a =scosf and b = ssin 6 we get:

2.15) x| |a-b||x Tx
' | |boally] |Ty
(2.16) X=ax—-by+Tx, y=bx+ay+Ty

To find the rotation angle and the scale factor:

b
.17 tanf = —
a

(2.18) s =Va? + b2

2.2. Two-dimensional 2D affine transformation

The transformation of 2D affine coordinates is only a small change of the 2D conformal or
similarity transformation. Affine transformation is the existing relationship (or conversion to
be made) between the 2D different coordinate systems at the origin point and in the direction
of the axes and the scale. The scale is constant for each axis but not fixed for both axes (it has
two scales). The two-dimensional affine transformation has five transformation parameters:
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— 2 scales (Sx, Sy)

— 2 translations (Tx, Ty)

— 1 rotation 6.

Recall Eq. 2.14 and add 2 scales (Sx, Sy).

x| |cosf —sin6 || Sk 0 X
y | sin@ cosé 0S8 ||y

If ay = Sxcos@, by = S,sinb, a, = Tx, ap = Scsin6, by = S,cos6 and a, = Tx,
b, =Ty we get:

HEERS|HR R

Or

Tx

2.1
(2.19) Ty

=dotax —ap

X
(2'21) i = bo + blx + bzy

3. Gaussian elimination with pivoting

In linear algebra, the Gaussian elimination with pivoting is a technique used to solve the
inverse of the matrix. The mathematical derivation method that we implemented in this paper
is presented in this section. Let’s consider the following general linear system of equations.

anxy +apxy+...+aipxy = bl
a)ixy +axpx+...+ayux, = b2
3.1

A1 X1 + X2 + ...+ appXxy = by

From these equations, three matrices can be extracted:

ail aip ... dip X1 b]

a1 azp ... dyp X2 bz
(3.2) A= 7 T, x=| |, B=

Aanl A2 ... Qup Xy b,

In general, the solution of any system of linear equations having a form similar to the above
form (number of equations = number of unknown) can be done by the triangular factorizations
with Gauss elimination. The problem is to find the values of X and to solve it the following
steps must be considered.
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Given the n(n + 1) matrix, W contains the matrix A of order n in its first column and the
vector b in its last column.

Wil W12 ... Win Wi n+l a a2 ... dip bl

W21 W22 ... Wou W2 n+l azr ax ... dxp b2
(3.3) W=\ . . . . . =

Wnl Wn2 -+« Wnn Wnn+l anl An2 ... Qnn bp

Initialize the pivoting n-vector P

(3.4) P=

The triangular factorizations with Gauss elimination can be done in two steps, step one
(factorization) and step two (forward elimination and backward elimination).

In step one, the application of factorization applies only to the coefficients of the matrix
(A) by eliminating of x; using Eq. 3.3 as a pivoting value.

ail ain ain
ani as ani
Cl_ az — a_a12 e arp — Cl_aln
11 11 11
A= . . .
Anl Aanl anl
— dp2— —4ai2 ... dpp— —Adln
an ar ar
Or
ai]p a2 ... dip
ap) ay ... dy,
(3.5) A=
anl Ay ... Aup

N a]
Where a3 = ay — —aj; and so on.
a

11
This procedure was repeated for the remaining equation and from x; to x,,. At the end of
the factorization steps the final matrices look like the following:

aip app ... dip x| by
ay, a» ... @y X b)
(3.6) A=| . .. .| X=|.| B=
-2 n-1 -1
ancan’ ...ay, Xn by
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In step two (forward elimination and backward elimination) after taking into consideration
the arrangement of pivoting, the forward elimination will be applied to the following matrices:

1 0... O V1 by
a; 1 ... 0 V2 by
(3.7 A= ] o |, Y=| |, B=
azl_z azz_l | Vn by
Where
yi=b

2 = by —az by

Yn =by — a:l’l_zbl + azz_lbz +...

The final step is backward elimination which applies to the following matrices:

ap ap ... din X1 V1

0 axn ... am X2 h)
3.8) A= . , X=| |, Y=

0 0 ...a%! Xn Vn

Since it only has one value, the final unknown will be calculated first.

In

n—
ann

Xn = 1

The second unknown will be solved as x,,_; using the x,, that solved previously, and the
following general formula can be used to solve the remaining unknowns.

n
(1)
IR
Jj=i+l

a(.’ifl) '
123

X; = fori=n-1,n-2,...,1

3.1. Solve the affine transformation with Gaussian elimination

In this section, the derivation of the six 2D affine linear transformation parameters is
described In general, the 2D transformation formula between any two coordinate systems has
two equations, one in the X direction (X axis) and the other in the (Y axis) Y direction. In
general, and can be used between points in the two systems to find the relationship between the
systems (transformation parameters). The general form formula of the 2D affine transformation
for the X direction is as follows:

X =a, +aijx+ay
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And in matrix form:

1 x1 y1 Xi
1 x y X>
(3.9) S
_1 Xn yn_ »Xn_
A L

An equation in matrix form is of the form AX = B, where A represent the matrix of
parameters, X is the vector of unknowns in the column, and B is the vector of function value
in the column on the right side of the equations in a system.

AX-B=V
N=ATA
D=ATB
NX =D
X=N"'D

By solving the normal equation the following matrices can be derived:

For the matrix N, the final solution of the X-direction has 3 transformation parameters so
that the dimension of the N matrix will be 3x3 regardless of the number of points between the
two systems

i n A
n Zx —Zy
1 1
(3.10) N=| > x> a Dy
1 1 1
PRDII IS
L 1 1 1 i

and so the D matrix has the dimension 3 X 1

_ix-
1
(3.11) D= ZxX

"
S
L 1 J
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substitution matrices N and D in Eq. 3.3 yield

n
X Z y
(3.12) W =

y

=
D=-DM=-p s
=
[\S}

ot ¥ 2

When solving the Eq. 3.12 by step two (forward elimination and backward elimination)
after taking into consideration the arrangement of pivoting which gives:

n n n
n Zx Zy ZX
n ! n ln n ! n
LI I ST JE) D U
1 1 ny_ 1 1 ZXX— ;

(3.13) =| n 1 n 1 n 1 S x
1

And solving will give:

(3.14) = N33 =

() (-3 3
n o (Ns)

And

DR OADRS

S-S ) - L 2w
e n(Ya)

From the following equations, the parameters of the X-axis can be derived.

(3.15) Dy =

(3.16) =a = =L

(3.17) ay =
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3.18) aO:ZX—Zx-nal—Zy.ag

The first unknown a, represent the coefficient of x, the second unknown a, represent the
coeflicient of y, the second unknown aq represent the translation in the X-direction.

Similarly for Y-direction:

Y:b,,+b1x+b2y=

n n

" e > iy

n n n n
D SRR 10 S
_ p Zx—n ny— - ZxY—Zn:Y
1
n n n n n n
20 DI ) D DN
1n ny_ [ nl Zyz_ 1n Zyy_ 1 nl

1 1 1

The final equations in the Y-direction are:

3 (D) (Y- )
" e n ()
(3.20) DSI:n'ZyY—Zy.ZY_
(- =D Yy) - Yy =Y x-Sy
e (Y

From the following equations, the parameters of the Y-axis can be derived.

(3.19) = Nu3 =

_Da
N33

1:n-ZXY—Zx~ZY—(n-ny—Zx.zy).bz
DN
MDRCIRRTIRR,

(3.21) by

(3.22) b

(3.23)
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3.2. Numerical example

The following Table 1. represents the 2D Cartesian coordinates in two systems, it is desired
to find the transformation coordinates.

Table 1. 2D cartesian coordinates in two systems

Point X (m) Y (m) X (m) y (m)
A 125 281 10 50
B 123 364 90 120
C 178.8 378.5 150 77
Solution:

According to the new method presented in this paper, the following matrix can be calculated:

n n n 7
n Zx Zy ZX
n I’Ll nl I’Ll
X sz ny xX
1 1 1
y anxy Zn]yX
1 1 1

Solving the matrix by the previous equation the following results can be found:

2.

1

-
)

3 250 247 426.8
250 30700 22850 39140
247 22850 22829 34777.6

W =

Applying these values in the following equations

(S e Xe-Te D)
n w3 (D)

((3 -22850 — 250 - 247)2)

$N3

=1971.945946

322829 — (247)?
:>N33:( d ( ))_

(32 -30700 - 3 - (250)2)

(n-ny—Zx-Zy) (n~ZxX—Zx-ZX)
23 (M)

D3 =

n-ZyX—Zy~ZX_
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b ((3 . 34777.6 - 247 - 426.8)) (322850 — 250 - 247) (3 - 39140 — 250 - 426.8)
31 = - =
3 (32 -30700 -3 - (250)2)

= —1183.167568
D31 —1183.167568

D T g6
2= Ny T 1971.945946

LIS S S-S T e
N

(339140 — 250 - 426.8 — (3 - 22850 — 250 - 247) - —0.6)
(3 -30700 — 2502)

ZX—Zx-al—Zy-ag
0=
n

(426.8 — 250 - 0.5 — 247 - -0.6)
ap = 3
The final transformation parameters in the X-direction are:
ap = 150
a) = 0.5
ay = -0.6
When applying the derived equations in the Y-direction the parameters of by, by, b, are:
by =0.5
b1 =0.6
by =250
The example can also be computed by the least squares observation method and the result
found to be in Table 2.

=0.5

ap

a

=150

Table 2. Transformation parameters by least squares observation method

Transformation Parameter Values
ap 150
aj 0.5
ap -0.6
bo 250
by 0.6
by 0.5

The results after applying the regression with two independent variables the computed 2D
transformation parameters are given in Table 3.
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Table 3. Transformation parameters by regression with two independent variables

Transformation Parameter Vlaues
ag 150
ay 0.5
ar -0.6
bg 250
by 0.6
by 0.5

4. Discussion

This paper discusses a new approach to finding the transformation parameters between two
coordinated systems, this is achieved by deriving new equations to compute the six affine 2D
transformation parameters using Gaussian elimination with pivoting.

The transformation parameters in the X-direction derived by the method presented in
the paper were 150, 0.5, and —0.6 for the ay, a; and a; respectively, and for the Y-direction
were 250, 0.6, and 0.5 for the transformation parameters by, b; and b, respectively, to justify
the computed parameters, the 2D affine six transformation parameters were computed by
traditional method using the Least Squares Observation method LSQ and Regression with
Two Independent Variables RTIV the results were illustrated in Table 4.

Table 4. Comparison between the three methods

Transformation LSQ RTIV New method
Parameter
a0 150 150 150
ay 0.5 0.5 0.5
a 0.6 -0.6 -0.6
b 250 250 250
by 0.6 0.6 0.6
by 0.5 0.5 0.5

The results presented in Table 4 indicated that the new method has the same accuracy as
other traditional methods, and the advantage of the new method over other methods is the
speed and ease which can be used to reduce the processing time in image processing and
photogrammetry software.
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5. Conclusions

The frequent problem in photogrammetry is converting one rectangular coordinate system
to another. The operation requires that the points themselves have their known coordinates in
both systems, the arbitrary and calibrated coordinate system.

This paper introduces a new method for computing the 2D affine transform parameter, the
problem of the 2D affine transform method has been solved by Gaussian elimination with
pivoting. In this paper, we have derived equations by which to find transformation parameters.
The main usefulness of this method is that numerical calculations can be performed without
solving the inverse matrix. The results indicated that the method has high accuracy computation
to the 2D transformation parameters furthermore the method is regarded as fast and easy to
implement which can be used to reduce the time and processing routines in image processing
and photogrammetry software. The results presented from the method in this paper are
completely competitive with other methods.

References

[1]1 O. Akyilmaz, “Total least squares solution of coordinate transformation”, Survey Review, vol. 39, no. 303,
pp. 68-80, 2007, doi: 10.1179/003962607X165005.

[2] PR.Wolf, B.A. Dewitt, and B.E. Wilkinson, Elements of Photogrammetry with Applications in GIS. McGraw-Hill
Education, 2014.

[3] H.-G. Maas, “Concepts of real-time photogrammetry”, Human Movement Science, vol. 16, no. 2-3, pp. 189-199,
1997, doi: 10.1016/S0167-9457(96)00049-8.

[4] I. Piech, T. Adam, and P. Dudas, “3D modelling with the use of photogrammetric methods”, Archives of Civil
Engineering, vol. 68, no. 3, pp. 481-500, 2022, doi: 10.24425/ace.2022.141898.

[5] W.A. Gaman and W.A. Giovinazzo, “Coordinate systems and transformations”, in PHIGS by Example. Springer,
1991, pp. 27-69.

[6] J.S. Greenfeld, “Least squares weighted coordinate transformation formulas and their applications”, Journal of
Surveying Engineering, vol. 123, no. 4, pp. 147-161, 1997, doi: 10.1061/(ASCE)0733-9453(1997)123:4(147).

[7] O. Andrei, “3D affine coordinate transformations”, Master’s of Science, School of Architecture and the Built
Environment Royal Institute of Technology (KTH), 100 44 Stockholm, Sweden, 2006.

[8] J.Cao, K. Zhang, H. Yong, X. Lai, B. Chen, and Z. Lin, “Extreme learning machine with affine transformation
inputs in an activation function”, IEEE Transactions on Neural Networks Learning Systems, vol. 30, no. 7,
pp- 2093-2107, 2018, doi: 10.1109/tnnls.2018.2877468.

[9] K. Mikolajczyk and C. Schmid, “An affine invariant interest point detector”, in European Conference on
Computer Vision. Springer, 2002, pp. 128-142.

[10] T. Schenk, Introduction to photogrammetry. The Ohio State University, 2005. [Online]. Available:
https://www.mat.uc.pt/~gil/downloads/IntroPhoto.pdf. [Accessed: 15 Feb. 2024].

[11] D. Turner, A. Lucieer, and C. Watson, “An automated technique for generating georectified mosaics from
ultra-high resolution unmanned aerial vehicle (UAV) imagery, based on structure from motion (SfM) point
clouds”, Remote Sensing, vol. 4, no. 5, pp. 1392-1410, 2012, doi: 10.3390/rs4051392.

[12] G. Wang, B. Zheng, X. Li, Z. Houkes, and P.P. Regtien, “Modelling and calibration of the laser beam-scanning
triangulation measurement system”, in Robotics and Autonomous Systems, vol. 40, no. 4, pp. 267-277, 2002,
doi: 10.1016/S0921-8890(02)00247-6.

[13] M. Kowalska, J. Zaczek-Peplinska, and L. Piasta, “Determining the trend of geometrical changes of a hydrotech-
nical object based on data in the form of LiDAR point clouds”, Archives of Civil Engineering, vol. 70, no. 1,
pp. 305-323, 2024, doi: 10.24425/ace.2024.148913.


https://doi.org/10.1179/003962607X165005
https://doi.org/10.1016/S0167-9457(96)00049-8
https://doi.org/10.24425/ace.2022.141898
https://doi.org/10.1061/(ASCE)0733-9453(1997)123:4(147)
https://doi.org/10.1109/tnnls.2018.2877468
https://www.mat.uc.pt/~gil/downloads/IntroPhoto.pdf
https://doi.org/10.3390/rs4051392
https://doi.org/10.1016/S0921-8890(02)00247-6
https://doi.org/10.24425/ace.2024.148913

www.czasopisma.pan.pl P N www.journals.pan.pl

T

2D AFFINE TRANSFORM PARAMETERS BY GAUSSIAN ELIMINATION WITH PIVOTING 127

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

R.E. Deakin, “3-D coordinate transformations”, Surveying Land Information Systems, vol. 58, no. 4, pp. 223-234,
1998.

B. Konakoglu, L. Cakyr, and E. Gokalp, “2D coordinate transformation using artificial neural networks”, The
International Archives of Photogrammetry, Remote Sensing Spatial Information Sciences, vol. 42, pp. 183-186,
2016, doi: 10.5194/isprs-archives-XLII-2-W1-183-2016.

K. Novak, “Rectification of digital imagery”, Photogrammetric Engineering and Remote Sensing, vol. 58, no. 3,
pp- 339-344, 1992. Available: https://www.asprs.org/wp-content/uploads/pers/1992journal/mar/1992_mar_339-
344 .pdf. [Accessed: 15 Feb. 2024].

K. Noga, A. Sikora, M. Siejka, E. Natividade-Jezus, C. Moreira, and 1. Skrzypczak, “Identification of land
system transformations in the Rzeszow city square”, Archives of Civil Engineering, vol. 69, no. 2, pp. 607-621,
2023, doi: 10.24425/ace.2023.145287.

I.LH. Mohammed, T.N. Ataiwe, and H. Al Sharaa, “Accuracy assessment of a variety of GPS data processing,
online services and software”, Geomatics and Environmental Engineering, vol. 15, no. 4, pp. 5-19, 2021, doi:
10.7494/geom.2021.15.4.5.

H.M.J. Al Sharaa, T.N. Ataiwe, and I.H. Mohammed, “Evaluation of solid waste management using geomatics
techniques (Al Muthanna governorate— case study)”, Journal of Green Engineering, vol. 11, no. 2, pp. 1778-1796,
2021.

B. Schaffrin and Y.A. Felus, “On the multivariate total least-squares approach to empirical coordinate transfor-
mations. Three algorithms”, in Journal of Geodesy, vol. 82, no. 6, pp. 373-383, 2008, doi: 10.1007/s00190-007-
0186-5.

P.K. Tadavani and A. Ghodsi, “Learning an affine transformation for non-linear dimensionality reduction”, in
Joint European Conference on Machine Learning and Knowledge Discovery in Databases. Springer, 2010,
pp. 19-34.

JR. Jensen, Introductory digital image processing: a remote sensing perspective, 2" ed. Prentice-Hall Inc.,
1996.

X. Li, Y. Xu, Q. Lv, and Y. Dou, “Affine-transformation parameters regression for face alignment”, IEEE Signal
Processing Letters, vol. 23, no. 1, pp. 55-59, 2016, doi: 10.1109/LSP.2015.2499778.

B. Wang and Y. Gao, “A Novel Line Integral Transform for 2D Affine-Invariant Shape Retrieval”, in Computer
Vision—-ECCV 2020: 16th European Conference, Glasgow, UK, August 23-28, 2020. Springer, 2020, pp. 596611,
doi: 10.1007/978-3-030-58604-1_36.

X. Xiong and K. Qin, “Linearly estimating all parameters of affine motion using radon transform”, /[EEE
Transactions on Image Processing, vol. 23, no. 10, pp. 4311-4321, 2014.

Y.-Z. Huang, Two-dimensional conformal geometry and vertex operator algebras. Springer Science & Business
Media, 1997.

I.LH. Mohammed, T.N. Ataiwe, and H. Al Sharaa, “Estimation the components of deflection of the vertical for
a point in Baghdad City-Iraq”, Journal of Physics: Conference Series, vol. 1895, no. 1, art. no. 012005, 2021,
doi: 10.1088/1742-6596/1895/1/012005.

Received: 2024-02-04, Revised: 2024-05-21


https://doi.org/10.5194/isprs-archives-XLII-2-W1-183-2016
https://www.asprs.org/wp-content/uploads/pers/1992journal/mar/1992_mar_339-344.pdf
https://www.asprs.org/wp-content/uploads/pers/1992journal/mar/1992_mar_339-344.pdf
https://doi.org/10.24425/ace.2023.145287
https://doi.org/10.7494/geom.2021.15.4.5
https://doi.org/10.1007/s00190-007-0186-5
https://doi.org/10.1007/s00190-007-0186-5
https://doi.org/10.1109/LSP.2015.2499778
https://doi.org/10.1007/978-3-030-58604-1_36
https://doi.org/10.1088/1742-6596/1895/1/012005

	Tariq N. Ataiwe, Israa Hatem, Hisham M. Jawad Al Sharaa2D affine transform parameters by Gaussian elimination with pivoting

