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ABSTRACT

In this solution, a procedure for the calibration of non-metric cameras
from a single photograph has been established by using a nonlinear least-
squares estimation method developed by D. W. Marguardt in 1963 [l]. One
of the major advantages of this procedure is that it does not require fiducial
marks in the photographs. Although the procedure has been developed for
non-metric cameras, 1t can readily be applied to metric cameras as well.

1. INTRODUCTION

Nonlinear least-squares estimation of the colinearity condition method
established an algorithm for least-squares estimation of nonlinear parameters
[2,3]. In effect, it performs an optimum interpolation between the Taylor
series method and the gradient method [1]. The interpolation is based upon
the maximum neighborhood in which the truncated Taylor series gives an
adequate representation of the nonlinear model which are condition of
colinearity equations. As such, it is a solution of central projection of
the object space.

2. BACKGROUND PRINCIPLES

A perspective or central projection is one in which all points are
projected onto the reference plane through one point called the perspective
center. The position of the perspective center with respect to the image
coordinate system represents the geometric elements of interior orientatiom.
The position of reference plane is defined by the object space coordinates
of the perspective center X5, Yo, Z,. The orientation, which describes the
attitude of the camera at the moment of exposure, refers to the spatial
relationship between the object coordinate system and the image coordinate
system. The relationship between the image and object coordinate system is
expressed by a 3x3 orthogonal matrix [4]

The perspective center, the image point, and the object point lie on
a straight line, as shown in Figure 1 and 2. This fundamental relationship
is basic to all procedures in photogrammetry. Also we can call the
condition of colinearity, as follows [2, 5]

X - xp my, MW, mls} X - X
z - o | = Mpp My  Mpg | Z -z, | (1)
] c | Mg; Mgy Mg | | Y - Y4 J
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Figure 1- Geometry of space resection of terrestrial photogrammetry

where X, Z : refined photo coordinates of image points,
Zps2y ¢ photo coordinates of the principal point of the photograph,
¢ : camera principal distance at the moment of exposure,
: scale factor,
mij's : elements of the rotation matrix in which the rotatioms

w,$,k of the photograph are implicit,

X, Y, Z : object space coordinates of point P.
Xos Yos 25 t object space coordinates of the camera perspective center
(more specifically for the photograph under consideration).

The interior and exterior orientation of the photograph were obtained
from colinearity condition equations. The left hand side of the colinearity
equations may be written in the form [6, 7]. -

% -x ==>\x(xc - xo) (2)

2
) (3)

- 2, = Ay(2o - 2z

NI

[e}

where X, Z, xp, zp are as defined previously

Ko, Z : observed comparator coordinates of an image point,
C? "¢
Xg, 2, : coordinates of the principal point referred to the comparator
coordinate system.

= X <+ X + 4
also x, A v (4)
Zg =2z + Az + v, (5)

where x, z : refined comparator coordinates of an image point.

Ax, Az: systematic errors in the comparator coordinates,

Vgs Vzi random errors which will contain observed comparator
coordinates.
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Figure 2- A stereodiagram for the three dimensional viewing of space
resection of terrestrial photogrammetry.

In equation (1), dividing the first and second equations by the third,and
substituting equations (2), (3) in the resulting relationships, we obtain

mll(X - XO) + le(Z - ZO) + m13(Y - Y )

X, - X =c ° (6)
m,, (X - XO) + msz(Z - ZO) + m33(Y - YO)
my, (X = X)) + m,,(Z = Z5) + my (Y = Y5)

2z, =z, =¢C (7)
m (X =X) +m (Z-25) +m (Y- Y)

When the elements of the transformation matrix are written in terms of the
variables w, ¢, K there are nine unknown parameters in equations (6) and
(7). These are the exterior orientation elements Xg, Yg, Zg, W, ¢, K

and the interiocr orientation elements x5, Zzo and c.

The transformation matrix D 1is obtained as in the following :

D ==Dw . D¢ . D'< =
1 0 0 cosd 0 sin¢d cosk  =sink O
0 cosw -sinw 0 1 0 sink cosK 0 (8)
0 sinw cosw -sind 0 cosd 0 0 1
3. STATEMENT OF THE SOLUTION
Let the model to be fitted to the data be
TPy = (X s Ky e s Ky o5 By, By e b,) (9)
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where YP; : depenéent variable predicted by the equationm,
Xi g ¢ independent variables of the equation,

bj : parameters of the equation,

the solution algorithm iteratively adjust the bj to minimize the functional

9, n

0= .3 (10, - vp;)° (10)

;5
i=1
where YO; dependent variable observed [1, 8, 9].

In this calibration procedure, fixed target points which are measured
according to fixed object space coordinate system with high precision, will
be used. The coordinates of the fixed target points can be assumed to be
without error [10]. This fact allows ome to use these coordinate values as
independent variables without error in the solution. The image coordinates
of the target points x and z, obtained according to be photograph
coordinate system which moves in the above defined fixed object space,
constitutes the dependent variables. The observed comparator coordinates
of the target points contain systematic and random errors.

In this solution procedure the random errors are minimized for
obtaining the best estimated values of the interior and exterior orientation
elements of the. colinearity equations. The new comparator coordinates of
the target points, minimized with respect to random errors and containing
only systematic errors, will be calculated in the next and final phase.

4. THEORETICAL BASIS OF ALGORITHM

"An Algorithm for Least-Squares Estimation of Nonlinear Parameters'
performed an optimum interpolation between the Taylor series method and the
gradient method. The interpolation is based upon the maximum neighborhood
in which the truncated Taylor series gives an adequate representation of
the nonlinear model. Writing the Taylor Series through the linear terms

- ko 0f;
YPi(Xi, bj + St)== f(Xi, bj) + jgi ( E;;—) (5t)j (11)

In (11), the vector § is a small correction to b, YP; are used to
distinguish predictions based upon the linearized model from those based
upon the actual nonlinear model. Thus, the value of & predicted (11) is

o 2
®= T (Y0. - YP.) (12)
i=1 1 1

St appears linearly in (11), and can therefore be found by the standard
least-squares method of setting 8@/86j = 0, for all j. Thus 6t is
found by solving

A, Gt =g (13

kxk] _ PT

where A{ P (14)
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df;
k 1
P[nx]z(——-—‘), i=1,2,...,0 3 3=1,2,..., k (15)
Bbj
n af.
kxl i .
[X]:].;z_l (Y0, - £,) , i=1,2,..., k (16)
. a ’
j

Theoretical basis of the algorithm is contained several theorems.

THEOREM 1. LetX > 0 be arbitrary and let 60 satisfy the equation

(A + AT) 6, =8 (17)
Then 50 minimizes & on the sphere whose radius || § || satifies and A is
a Lagrange multiplier. || § ||2 = || &, I{Z

THEOREM 2. Let8(A) be the solutiom of (17) for a given value of A .

Then || §(X) IF is a continuous decreasing function of X , such that as
2

Ao, |l SO0 ||© >0,

THEOREM 3. Let y be the angle between 60 and Sg . Then 1is a continuous
monotone decreasing function of A such that as X + > | vy > 0, Since §

is independent of A , it follows that 8, rotates toward 5g as A >«
At the rth iteration of this algorithm, the equation

(A*(r) + (S(r) 1) 6*(r) — g*(r) (18)

is constructed. A* and g* where defined as a icaled matrix, and scaled
vector. This equation is then solved for 6*(Y¥), Then

5. = &F /V a.. (19)
] J ( )JJ

. . r .
is used to obtain § . The new trial vector

p(r+l) b(r) . 5 (20)
(r+1) (r)

will lead to a new sum of squares ¢ . It is essential to select A
such that

(r+1) (r)
0 i < d (21)
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5. NUMERICAL EXAMPLE

The nonlinear least-squares estimation routine contained in the program
is on adaptation of M. W. Morris, formerly with the Department of Environmen-
tal and Water Resources at Vanderbilt University. Standard Fortran Language
was utilized and the simulations were run on the Cyber Systems 175 of the
University of Illinois at Urbana-Champaign. A sample output is provided in"”
the figures below:

$06$8909BCELUBLACVIVOCSEPEE LIS RAICVL SR IT VNV IF VLSS SRS ERACE SRR IIENERINEE ISR OV RATISSRCVNNRHI04TRSINC 2L ERS
IDENTIFICATION - NONLINEAR LUAST-SUUARES ESTIMATION OF THE COLLINEARITY CONOITION

S04 42EI¢ VIS IS SV ASTISIEGISEVOIRIRIYBIISHOCTOVVVRAVICEICHI R ENE SIS BIIC IS L2 PBUSILCEESEUELLHIEI0LI28I080TQ
{EQ « 1 (EQUATIUN NU.)

IFORE = FCAMAT(15,4F10.0)

NO. OBSERVATION = 40

NOo PARAMETLRS = 9

NO. PARAMCTERS SET = 0O

hd NO. INDEPENCANT VARIABLES =
[ANALYTICAL PARTIAL UERIVATIVES USED)
Q (ntw DATA USED)

1P0 = |

IRPT =

HAXs NO.

YHIN =
YHAX =

TSTAT =

3

-30.00000
3U.U00u0
2.600

CURRECTIONS =

25

FSTAT = 4.000
Gasma CRITICAL »
EPSLCN =  0.500e-Vo
TAU *» 0.100€-06"
DELPD = 0.1000-04

INITIAL ESTIMATES OF PARAMETERS:

8t 1lle 1.00000000000 X COOROINATE OF THL PRINCIPAL POINT
8( 2)s 100 . J0UUUVYOQ CAMERA PRINCIPAL UISTANCE
Bl 3= Je100V0U00V=03 PH| ROTATION
B 4i= 0.10000000C-03 OML.GA ROTATION -
Bl S)a 0.10000Y000-03 KAPPA ROTATION
8¢ &)= 10000.000uN00 X COOROINATE OF THE CAMCRA PERSPECTIVE LENTER
81 7= 8000, 000U0000 Y CUORDINATE OF THE CAMCAA PLRSPECTIVE CENTER
8¢t 81= 15000. 0000000 1 COORUINATE OF THE CAMERA PFERSPECTIVE CENTER
8( 9= 100300000000 I COORDINATE OF THE PRINCIPAL POINT
0ATA:
1 0.711J00000000 10009.0000000 30000,0000000 10000. 0003000
2 7.62200000000 11500.0000000 30000.0000000 10000.0000000
3 14, 5080000000 13000.0000003 30000.0000009 100000000000
. 21+ 3o fUDVUOOY 14500.0000000 30000.0000000 10000, 0000000
) 2142630000000 145UU. 0000000 30000.0000000 12500.0000000
] 18, 2150000900 13000.0000000 26000.0000000 12500.0000000
7 9.83700000000 11500.0000000 26000.0000000 ° 12500.0000000
8 0.7000000000U0 100L0.000U000 30000.00U0000 12500.00000€0
9 0.686000000000 10000, 000U000 30000.0000000 15000. 0000000
19 9o 18800000000 11500.0000000 26000.0000000 15000.0000000
11 18, 1210000000 13000.0000000 26000.0000000 15000.0000000
12 21. 1120000000 14500.0000000 30000.0000000 15000.0000000
13 21.0840000000 14500.000V000 30000. 0000000 17500.0000000
14 180240000000 13000.0000000 260000000000 17500.0000000
15 9. 72400000000 11500.0000000 26000.0000000 17500.0000000
I8  0.069000000000 10000.0000000 30000.0000000 17500. 0000000
17 0.5655000000000 10000.0000000 30600.0000000 20000.00000C0
18 T. 46400000000 11500.0000000 30000.0000000 2uQ0U. 0000040
19 144 2410000000 13000.U000000 3000040000000 20000 .0000000
20 20. 9760002000 14500.0000000 30000.0000000 20000.0000000
21 ~25.6440000000 1V0u0.0VU00000 3000040000000 10000.0000000
22 =25.5760000u00 11500.0000000 30000.0000000 10000.0000000
23 -25.5100000000 13000.0000000 30000, 0000000 10000.0000000
24 =25.4580000000 - 14500.000000Q 30000.0000000 10000.0000000
25  ~13.9200000000 14500.0000000 30000.0000000 12500, 0000UCO
26 =10.50%00u0000 13000.0000000 26000.0000000 12500.0000000
27 -~16.5660000000 11500.0000000 260000000000 12500.0000000
28 ~14.0330000000 10000.0000000 30000,0000000 12500.0000000
29  =2.511v0V00000 10000.000u000 30000.0000000 15000.00000CU
30 | ~2.49700000000 11500, 0000000 2600040000000 15000.0000000
31 =2.48400000000 13000.0000000 26000.0000000 15000. 0000000
32 =2.44500000000 15000.0000000 30000.0000000°  15000.00000€0
33 8.87000000000 14500.0000000 30000.0000000 17500, 0p000CO
34 11.4020000000 13000.0000000 260000000000 17500. 0000000
33 114310000000 11500.0000U00 26000,0000000 17%00.0U0VUOD
38 8.92400000000 10000.0000000 30000,0000000 17500.0000000
37 2042710000000 10000.0000000 3000040000000 20000.0000000
38 204 2240000000 11500.0000000 30000.0000000 20000.0000000
39 2041730000000 13000. 0000000 3000040000000 20000.0000000
40 20, 1230000000 14500.0000000 3000040000000 20000.0000000
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L L T L e T R R A Y
V3000948040 4000008T0200000000 40 38050300k 0000vebeatste [URKICTIUONS $900060000000008006v0e00003000080¢60003008000000600
L Ly Y Yy Ty L Y Y Y YL YT Y]

MOe i PHI = 0.16¢92145U~01: SE = 0.229249440-01: LENGTH = 702.258930000%% ANALYTICAL PARTIAL DERIVATIVES USED
MARGUUARUDT VARIABLES: LAMBUA = 0.1000-09: GAMMA = 89.90000: (K} = 1.000000

CORRLCTLD PARAMETLRS:

8l i) = 137300590000
vl 2 = 100.0617540000
Bl 31 = 0.386875110-01
Bt &) = ~0.347326960-01
sl vy o= -0.119334180-02
Bl L) = 9302.06050000
et 1) o= 8077.76490000
8l ub = 169997030000
8O 9 = U.904161320000

NUe 231 PHIL = Qo&6375648910L-U3: SL = 0.453505%67D-023 LINLTH = 17.7791220000%% ANALYTICAL PARTIAL DERIVATIVES UStLOD
MARQUAKUT YARTALLLS:  LAMBLA = 0.10UL-12: GAMMA = 68270000 (K) = L1.000000
CORRECTEU PARAMLTLRG:

ol t) = L.062720900u0
8L 21 = 100. 493430000
Bl 3} = 0.355492850-01
gl 4} = ~0.346751420-01
Bl Y = =0.191588250-04
yi el o= 9304.23140000
g7y o= 8095. 35380000
Bt 6 o= 15001.0770000

Bl 4 0.941084900000
NO. T PHi = 0.630580770-03: St = 0.451013470-02: LONGTH * 0.394844150-01%¢ ANALVTICAL PARTIAL OERJVATIVES USED
MARLUARDLYT VvARJABLES: LAMBDA = 0,1000-15: GAMMA = I19.2000U¢ (K} = 1. 000000
LURRECTED PARAMETLRS:

8t 11 = 1.06425250000
Bl 2y = 100.492920000
[T 0.3955H862C~01
6t o) = ~Ua3465425060-01
Bl 1 = ~U0.173659670-04
Bl 4 = 9304.24530000
Lt 1y - CLA RPN TR FASTH )
Bl wl = 1Hull. LuL0Gun

: bl 91 = 0.982515000000

NG 45 PRl = 0,630590770-03: ST = 0.451013470~02: LENGTH = 0.118217190-03%¢ ANALYT]CAL PARTIAL DERIVATIVES USED

MARUUARDT VARIABLES:T LAMBUA = 0.1000-15: GAMMA = 88.40000: (K} = 1.000000

CORRLLTEL PARAMETERS:
gt 41 = 1.06424820000
vl 21 = 100.492920000
gt 31 = 0.395588210-0}
dl 4} = ~0.346842330-ul
Bl %)y = ~0.173684920-u4
sl ) = $304.24530000
sl 7} = BU95,38150600
80 41 = 15001 .1010000
Bt 94 = 0.982%12310000

NO. %t PHL 2 0.630580770-03: SL = 0.451U1347D-02¢ LENGTH »  0.26504L610-06%% ANALYTICAL PARTIAL DERIVATIVES USED
HMARQUAKUT VARLABLLS: LAMBLA = Q.1l000-09% GAMMA = 57.70000: (K} = 1.000000
CORRLCTED PARAMLIERS:

8t 1) = 1.06424820000
8( 2) = 100.492920000
bt 51 = 0.355588210~-01
8l &) = ~0.346042330-01
8 5) = ~0.173688810~04
8l &) = 9304.24530000
BE 7)) = 8095434150000
Bt oul e 15001, 1010000
Bl 91 Q.5d2512320000

NO« 61 PHI = 0.6305407710~03: SC o U.451013470-02: LENUIH & 0.13745266D-08%% ANALYTICAL PARTIAL DERIVATIVES USED
MAKQUARUT VARIABLLS: LAMBOA = 0.1000-06: GAMMA = 73.40000: (k) = 1.000000
CURRECTED PARAMETERS:

B i) = 1.06424820000
8t 21 = 100.492920000
Bi 3= 0.3555u4210-0!
Bl 2} = =0.346342330-01
gt v) = ~0.173048810-04
8l b)) = 9304.24530000
ue 1= 8045.38153000
Bl i o= 150031.1010000

Bt ) O.%be¢%12320000
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BECLBAIIINS AL DILLLEIENISCEIEVSIIGR ST IS ESRFLET RSS20 4S 0D LSS SEEALASICOET IS LHVITIBTBSECS28S
'S80 P0030CHSEHEIEVNNININSISLACPEVS90004009008348 STATISTICS FEFAVILESVTISACESHSESICLOBS00P493046360898388080800
L S2090SCEBRIBELLELBNIISSE D BEHLVES9JS 00850882 CPLEFINSSIFEE V0PIV AVSICESIS4SOLBAIVIDIVSEI VS35 0I0E00080039060860

FINAL ESTIMATE UF PARAMLTERSS

Bl )= 1.06424820000 X COOROINATE OF THE PRINCIPAL POINT

Bl 2)s 100.492920000 CAMERA PRINCIPAL UISTANCE

8l 3= 003555d8210~01 PHI ROTATIUN

8L 4is= ~0.346842330-01 OMEGA ROTATION

8( 5= -0.173688610-04 KAPPA RQTATION

8l 61= 9304.24530000 X COGROINATE OF THE CAMERA PERSPECTIVE CENTER
Bl e 80495.38150000 Y COORODINATE OF THC CAMERA PEASPECTIVE CENTER
8( 3= 15001.1010000 2 CUNDRUINATE OF THE CAMERA PERSPECTIVE CENTER

Bl 9= 0.982512320000
STANDART ERROR OF ESTIMATE =

2 COGROINATE OF THE PRINCIPAL POINT .
0.451043470-02

AULTIPLECURRLLA TIUN COLFFICIENT = 0.999999940000
PARAMLILR CURRELATIUNS:
RE 1y 1D = 1.00000000
R{ 2, i) = 0.499610000
RU 3y 1) 7 =0.99%650000
R{ &4y 1] & -0.9082%u-02
AL Sy 1} & =0,164710000
Ri 8¢ 1) » -U.999400000
RU 1, 1} = 0O.02811000Q
RU 8. L) = 0.497920-02
R{ 99 L} = 0.000000000
R{ 2. 2) = 1 .00U0Q000
Af 35 2} = =Q.518110000
R{ &6 2) = =u.lldusuuuu
RE 5¢ ¢). 2 0.82993L-0)
R 6s 2) = =d.4969000U0
R{ Ty 2) = 0.972450300Q
R{ By 2) = 0.176540000
RE 9y 2} = -U.165550000
R{ 3¢ J) = 1.00000000
R &y 31 s Q.91a770-02
RU 5, 3) = 04161730000
AL 6, 3) 5 0.9949%0000
RU 7g 33 » =0.b444/0000
Rt 84 3) = =0Q,.90906(-0Q2
R{ 9y 3} = 0.387960-02
RE &y &1 = 1.000YuUoo
Hi 5y 4¢ = =0.482420000
Rl 6¢ &) = 0.382730-02
RL 7, &) ® -0.198720-01
RE B8y %} = -Q.994040000
RE 9y &) = 0.999370000
A 5 S) = 1.0000Q0Q00
R 4o 51 = U.168680000
Rt 7y 51 = -0.102310000
W{ 8y S} = 0.503880000
RL 9+ 51 = -0.502260000
Rt 6 &) = 1.00000000
R T4 6) = =U.631430000
R B8y 61 = ~0.365890-02
RE 9¢ 6) = -0.131180-02
R 79 70 = 1.00000000
RL 8, 7} = 0.188890-04
R S¢ 7) = =0.739060-02 °
R( 8¢ 8) = 1.00000000
Al 9y 8} = ~0.995400000
& 9y 91 = 100000000
PARAMETLR STATISTICS:

STANDARD RANGE 0.05 CONFIDENCE RANGE

ERRQR LOWER UPPER LOWER UPPER

(S} 0.709135175E=-01 0.9223040990000 1420619490000 0.638406690000 149008940000
{21 0.75955868E~01 100.341000000 100.644820000 100.037170000 100.948640000
t 3] 0.67097610E-0) 0. 3421 0866€-01 0.36900774E-01 0.31532962E~01 0.39584473€-01
{ &) 0.42457223€~03 -0. 35533376801 -0.33835087€~-01 -0.37231661E-01 -0.32136798E-01
[T 0.75220392€-04 -0, 167809646E-03 0.13307190€-03 ~0.468690848€~03 0.43195325€-03
{ o) 3.40434270000 3297.43360000 9311.050800600 9283.81640000 9324.66800000
t 1) 1620931240000 8063,19140000 8127.56440000 1998. 82030000 8191.93750000
{81 2.298317610000 14996, 50404000 15005.6950000 14987.3090000 15014.3910000
{ N 0.44223848€-01 0.884064610000 1508095930000 0.687169250000 1.27785490000
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6. CONCLUSION

UBSLERVEDL ¥
Ue 41 j0U0ULLLAD
1.62200000000
14.508000U0U0
21.3670000000
21.263004Q0000
18.2150000000
4.03700000000
0. 700U000UL0OQ0
U.6363000U0LLY
4. 708000000400
18, 4210000040
21. 1120000040
21.00840000000
1. 0240000000
9, 1240u000U00
0.66900Q000UG0A
0.655003000000
140 00U0UGLUY
Le.241000000Q
2u. % 760000000
=25,6440000004
~25.2160000000
~25.5100000000
-25.4584000000
~13.9200000000
~ e 5050000000
~ 16 56L000U0ULD
~14,0330000000
-2,%1100000000
~2.497000C000Y
~2.4840000L000
=2.4 8500000000
8487000000000
1t.40200000u0
11.4310000000
8.92808000000
20.2171¢u00000
20.2240000000
20. 1 730000000
20+ 1230000000

Figure 3.

PREUILCTLL ¥
U 1095725300400
Tobltil840000
145092800000
21.35487050000
21.264%020000
18.2196460000
9.84268060000
0.696543810000
0.0683697460000
9,7d284750000
18.1197010000
21.117084u0000
21.,07801 00000
18.0207120000
9. 72358890600
0.610913440000
0.658229310000
T.466 77810000
1422425910000
20.9959030000
=25.64571700u0
=25.500406460000
«25.5154740000
~25.4507990000
~-13.92}15170000
~16.5093400000
~16.50106740000
~14.030u100000
-2.50773300000
-2,49746010000
-2.44701300000
«2.47923960000
B8.86752940000
11.4010740000
114317190000
#,92454000000
202670740000
20.2207240000
2041745920000
20. 1286020000

Sample Out?ut

DIFFLRENCL
0 le2/4LuD-02
~0.43loseluu-02
~0,128U276480~02
0.829506230-02
~0.140212310-02
~0.464582310-02
~0.568056620-02
0.343618570~02
0.23021443D-02
0.545248900~02
0129939 750-02
U.li60033480-02
0.599023950~02
0.328784010-02
0.411064500-03
«0,191343970-02
~06322931230-02
Uo12218030u~02
-0,15904U390~02
~0,990296500-02
0o177045880-02
0. 44060064980-02
0.54742444D-02
~0.7200d891U-02
0.115689260-02
0,434026020-02
=0,432027330-02
~8.239010390-02
=3.32609931D~02
0,460061570-03
~Q.987042550-03
~0.576039550-0¢2
U.247064590-02
0.921733230~03
~0.7187117480~03
Jo 34000255002
0.392143890~02
0.327620220-02
~0.1592309490-02
~0.568209410-02

COPOTETHIVEFEBELEHEHS00SISVI LS V6B

' In this paper, a computation procedure for calculation of both the
interior and the exterior orientation elements from a single photograph

through the use of the colinearity conditions, is
computation time for the algorithm is short, and

The

presented.
the values of the

parameters converge to their true values in a few iterations,provided that

suitable initial
estimates is not
advantage of the
the photographs.

estimates
necessary
procedure

Although

cameras, it can readily be
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