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ABSTRACT:

POS, integrated by GPS/ INS (Inertial Navigation Systems), has allowed rapid and accurate determination of position and attitude of
remote sensing equipment for MMS (Mobile Mapping Systems). However, not only does INS have system error, but also it is very
expensive. Therefore, in this paper error distributions of vanishing points are studied and tested in order to substitute INS for MM S
in some special land-based scene, such as ground fagcade where usualy only two vanishing points can be detected. Thus, the
traditional calibration approach based on three orthogonal vanishing points is being challenged. In this article, firstly, the line
clusters, which parallel to each others in object space and correspond to the vanishing points, are detected based on RANSAC
(Random Sample Consensus) and parallelism geometric constraint. Secondly, condition adjustment with parameters is utilized to
estimate nonlinear error equations of two vanishing points (Vy, Vy). How to set initial weights for the adjustment solution of single
image vanishing points is presented. Solving vanishing points and estimating their error distributions base on iteration method with
variable weights, co-factor matrix and error ellipse theory. Thirdly, under the condition of known error ellipses of two vanishing
points (Vx, Vy) and on the basis of the triangle geometric relationship of three vanishing points, the error distribution of the third
vanishing point (V) is calculated and evaluated by random statistical simulation with ignoring camera distortion. Moreover, Monte
Carlo methods utilized for random statistical estimation are presented. Finally, experimental results of vanishing points coordinate
and their error distributions are shown and analyzed.

1. INTRODUCTION parameters (p,mw,x), (Alantari et a., 2009; Caprile and Torre,
_ ) 1990; Heuvel, 2003; Lazaros et a., 2007; LI et a., 2011;
1.1 Mobile Mapping Systems (MM S) MAHZAD and FRANCK, 2009; SCHUSTER et 4., 1993; XIE

) ) ) ) and ZHANG, 2004). It is well known that camera parameters
Mobile Mapping System (MMS) is a new technology emerging oy pe recovered by the vanishing points of three orthogonal

in the 1990s for rapid and efficient mapping without ground  gjirections, But, three reliable and well-distributed vanishing
control _(EI_-Sheimy, 2005), (Graham, 2010). From the 1990s to points are not aways available. Even, sometimes only two
the beginning of the 21st century, many commerglh?l MMS h%e vanishing points can be gotten (Figure 1). Also, in the scene of
been de\/eI(T)’aed, such a%BPSVlsmn » GI-EYE'™, LD2000°™,  ground facade, often only two vanishing points (horizontal
ONSIGHT '™, POSILV ™. Navteq and TeleAtlas also use land-  grientation Vy, plumb line orientation Vi) can be detected for
based mobile mapping for navigation database update (El-  fa-ade image, but the vanishing point of depth orientation Vy is

Sheimy and Schwarz, 1999), (Sullivan D, 2002) and (LI et ., jfficult to be acquired directly. Thus, the traditional approach
2009; Scherzinger, 2002).

GPS and Inertial Navigation Systems (INS), have allowed rapid
and accurate determination of position and attitude of remote
sensing equipment, effectively leading to direct mapping of
features of interest without the need for complex post-
processing of observed data (Graham, 2010). However, not only
does INS have system error, but also it is very expensive.
Therefore, in this paper, a low-cost method based on vanishing
points is studied and tested in order to substitute INS for MM S
in some special land-based scene, such as ground fagade where

usually only two vanishing points can be detected.
1.2 Vanishing Point Furthermore, the related researches of vanishing point have

been focusing on its automatic detection and camera calibration
The vanishing point is defined as the convergence point of lines  for along time (Caprile and Torre, 1990; Heuvel, 2003; Lazaros
in an image plane that is produced by the projection of the et al., 2007; XIE and ZHANG, 2004), however there were few
infinite point in real space, which can be used to get three  researches on its error distribution. How to estimate the error of
interior parameters (Xo, Yo, f) and three exterior direction the third vanishing point (V) on the basis of two vanishing
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points (V,, V), has important theoretical significance, and also
can help to improve the precision of camera calibration. Thus,
under the condition of known error elipses of two vanishing
points (Vx, Vy) and on the basis of the triangle geometric
relationship of three vanishing points, the error distribution of
third vanishing point (V) is discussed and studied.

2. VANISHING POINT MATHEMATICAL MODEL
2.1 Vanishing Paint Initial Value Detection

Barnard (Barnard, 1983) introduced the most popular agorithm
for the detection of vanishing points based on the construction
of the Gaussian sphere. Shufelt (Shufelt, 1999) tries to find
vanishing point on the oblique aerial images using Gaussian
sphere. Heuvel (Heuvel, 2003) introduced a detection method
based on geometric constraints. In 2003, Almansa (Almansa et
al., 2003) developed a new method of vanishing point detection
without priori information, through using complex probabilistic
models. And MAHZAD (MAHZAD and FRANCK, 2009)
presented an approach for vanishing point detection based on
the theorem of Thales.

In this article, vanishing points are detected to provide initial
values for their final adjustment. The steps of detection method
are described as follows:

1) Line extraction by Wallis filtering and the LSTM (Least
Square Template Matching) algorithm (LI et ., 2009);

2) Angle histogram clustering, that is, linear angle statistics due
to aggregation a large number of straight lines in vanishing
point direction;

3) RANSAC, which is an iterative method to estimate
parameters of a vanishing point approximate coordinate by
sampling from a set of observed data containing outliers;

4) Parallelism constraint (Heuvel, 2003), which can be written
as the determinant of the mixed product from the normal vectors
to the three interpretation planes so as to eliminate straight line
dissatisfying the condition of group in vanishing point direction;
5) Calculation the vanishing point coordinatesinitial value:
m(rrg /2 _

a X

k=1

h(&wﬁﬁ )

Where X = (X, Yy ) is vanishing point coordinates; m is the

number of max support in RANSAC step; x,is a intersection
coordinate between two straight linesin above support set.

2.2 Adjustment Model

Each straight line grouped into vanishing point direction, e.g.,
line ij, belonging to this set should pass through the vanishing
point V, which can be seen in Figure 2.

y .\.°:::o v
i./‘/.

0 X

Figure 2. Geometric relationships between observational line and vanishing
point
Idedlly, i, j and V is collinear, so observational equation is:
(W - ¥ - %) - (% - %)(y;- %) =0 @
Where: (x;, ¥i), (%, ¥;) and (x,, y,) are the coordinates of i, j and
V. Eq.2 islinearized by Taylor formula as:
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[(Y; = oDVt + (% = XV + (% - Y)Y +

©)
(% = XV + (Y - YV (X - X)v, ] +d, =0
Where:
do = (% - Y0 - %)= (% - X)(y; - y)F 4
The matrix form of Eq. (3) and Eq. (4) is
An' 4n N4n'l + Bn'2 X)A(Z'l +Wn'1 = 0 (5)

This is a model of Condition Adjustment with Parameters.
Where n is the number of lines grouped by vanishing point
direction, V=(v4 Wi Vy W), X=(% V) ', A is an observation
coefficient matrix, B is unknown parameter coefficient matrix
and W isaclosing error vector. The solution of Eq. (5) is:
jX=-NyB'N_W
1V =- PIATN AW +BX)
Because Eq. (2) is nonlinear equation, linearized Eq. (5) must
be solved by iterative method. And the iteration method with
variable weightsis asfollow (LI and YUAN, 2002):

(6)

P = Oy
‘Il i;,ITI < Fa Ar (7)
W =} 2
I :EZSAZ i;,lTl 3 Fa,l,r
i

Where p“*Y and p") are the weights at the (v+1)-th and the v-th
iteration; variance estimation are;

i., VIPV VTPV
iSc= = 8
70T n-2 ®
1 T
%§|2=V' o)

r'I

Where, 2 is the number of necessary observation for Eq. (5). In
order to ensure the reliability of adjustment, initial weights
should be taken into account. As we know, the angles between
straight lines and the lengths of straight line segments affect the
accuracy of vanishing point; therefore, prior weight should be
determined by these two factors:

plzi(l"' D; - Duin )

Li DMax - DMin

Where L; is the number of lines in unit grid, which means
angles; Dpinis the longest and D, i the shortest line of all.

©)

2.3 Error Ellipse of Vanishing Point

Caprile (Caprile and Torre, 1990) presented a method to
evaluate the accuracy of vanishing point, but arbitrary direction
point error can’t be known by this method. Therefore, error
ellipse isintroduced. According to co-factor matrix propagation
law and Eq. (5), the accuracy of vanishing point is estimated by:

S 02 0o Z N
[95550Qu o _Qu Ql_ i (g
l o & ’QXX_QQ Q U= Npo
iSy =S,Qy & Ry
Then, error in point measurement is:
sZ=s? +§5 =§§(QXX+QW) (11)

Error elipse parameters can be calculated (School Of Geodesy
and Geomatics, 2003) :
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(12
1E®=83Qg =S5(Q, +Q,, +K)/2

::: F?=S0Q =S2(Qy +Q,, - K)/2

,i’_K =JQ.- Q,)*+4Q}

Q- Q. Q

T
=t c=
e, Tae-q,

Where E and F are error dlipse mgjor axis and minor axis
respectively; ge isaangle between major axis E and x axis.

3. VANISHING POINT GEOMETRY AND ITS
DISTRIBUTION

3.1 Geometric Relationship among Vanishing Points

According to (ZHANG et a., 2001) , in Figure 3, where Sis the
projection centre, f the camera foca length and O(xo, Yo) the
principa point, with Xeo, Yeo, Zco being the respective

vanishing points of the three orthogonal space directions X, Y, Z.

The principal point O, namely the projection of S onto the
image plane, is actualy the orthocenter of the triangle /A Xee
Yoo Zoo, Of course, the directions of the lines SXoo, SYoo, SZ o
are respectively paralle to the X, Y, Z space axes.

Yoo

Lo
Figure 3. Image geometry with three vanishing points.

3.2 The Solution of the Third Vanishing Point

This section, under the condition of known two vanishing
points (Vy, Vy) and the principal point O (X, Yo), how to solve
the third vanishing point (V) isillustrated as figure 4.

Figure 4. VVanishing points geometry and error ellipse.

Vy, Vy are the centre of two known error ellipses. And O (X, Yo),
which can be set as a coordinate origin, also is the orthocenter
of the triangle AVy Vy Vz.In figure 4, OZo 1 VyVy, Vyx OXo L
V7Vy, thus, V; is a point of intersection by OZo and VyXo. Let
Vy(X1, Y1), Vy(Xo, ¥2) and Vz(Xs, Ys) be error distributions of three
vanishing points. Exactly, (X;, y1) and (X, y») are arbitrary
points in error elipses of Vyx and Vy. (X3, ¥a) is an unknown
distribution set about V; which can be calcul ated:

T~ Y)Y W) + (6= %)% %) =0 45
’}(ys' Vo) XYo- Vi) + (X- %) X%, - %)=0
Thus:
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1% =(ac,- a0) /(@b - ah) ()
1Y: =(cb, - ch)/(ab, - a,b)
Where:
IaLZYO' Y1 b1=X0- X
16= VYo Ya¥s 2% X%,
i2=Y" Yo B =%-x%
1C = YoYa = Yolu + %% - %%
Error ellipse equation can be written:
x¢/E*+y€/F?=1 (15)
Where (x’, y’) can be substituted by (X, y) as follow:

aedl‘(_j ae0sj . - sinj . Oﬁlaé 0 >g('_j'1 a0
Cy€=gsnj . cosie 0D £0 1 yI Kyl
1 & 0 0 1z % 0 15 &1

So, under the right-handed coordinate system XOY (Figure 4):
((% - X)cosj ¢ +(y; - y)sinj ¢)*/E*+
((y; - y)cosj ¢ - (% - X)sinj ¢)*/F* =1

Where i=1, 2. The parameters in Eq. (16) have the same
meaning in Eq. (12).

(16)

3.3 Vz Error Estimation by Random Statistical Simulation

3.3.1 Generating pseudo-random error points

In order to estimate the error distribution of the third vanishing
point Vz, firstly, random points of uniform distribution included
in error elipse should be generated. E.g. Figure 5 a) shows a
number of random points in error elipse, which obey uniform
distribution (with parameters Vy (10, 10), E=10, F=5, ¢p=r/ 6).

16 % N S ®

(] %
6
d \
2
0

0 2 4 B 8 10 12 14 1B 18 20 0 2 4 6

a) Error dlipse filled with points b) Error ellipse filled with circles
Figure 5. Generating random points

3.3.2 Vzerror distribution pseudo-random simulation
Onandinthe error ellipse V called set:

RAND _V, {(x, V)| (%, - ¥)cosj ¢, +(¥o- Y)Sinj ¢, )"/ B (17)
+(Yo- Y)008j ¢, - (- X)sinj ¢ )*/FX £3

On and in the error elipse Vy called set:

RAND _V{ (W) (% - ¥cosj ¢, + (- V)Sinj ¢, )/ Bl (18)
+(Yo- Y)0os] g, - (% - X)sinj ¢ )/ RS £3

Traverse al the points in set RAND_Vy and RAND_Vy. Then,
compute V; based on Eq. (14) so that discrete points of V error
distribution can be acquired.

3.3.3 Vzerror estimation based on Monte Carlo

In this section, how to estimate the area size of V, error
distribution is discussed. Suppose the n, small circles thrown
into an enclosed area by uniform distribution can be aggregated
as S Area, in Figure 5 b). When the N is the larger and the
circle is the smaler, S Area is the much closer to the measure
of area. Three agorithms of estimating the area of V; error
distribution are presented as follows respectively.

1) Set the radius of smal circle filled in RAND_Vy and
RAND_Vy dl asr (in Figure 5 b)). How many total random
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numbers should be produced? The error ellipse area must be
equal with the sum of n circles areas, thus:

D=npx’-pxEx =0 (19)
Then:

n, =ExF/r? (20)
ny also means frequency of random circles on and in the error
dlipse. Suppose N is a total random number in circumscribing
rectangle of error elipse (in Figure 5). According to geometric
probability model that can be called Monte Carlo method here,
we have:
pEXF  _n

" RectX sRectY N

p (21)
Where

i RectX =max RAND _V{x} - min RAND _V{x}

1 RectY = max RAND _V{y} - minRAND _V{ y}
Here, p is a probability; RectX and RectY are rectangular two
sides. SoNis:
_ RectX xRectY

px?
If we set radius of circler that must be smaller enough, N that is
atotal random number can be determined by formula (22). Then,
input r and N so that random circles uniformly covering error
dlipse Vy and Vy can be generated. After that, discrete points of
Vz error distribution can be gotten by formula (14). Here, we
can hypothesis that discrete points V, are centres of circle with
radius r the same as random circlesin Vy and V. Thus, areasize
of V; should be evaluated as:

S_ AreaV, = AL Ak »p x2 (23)
Where RE and R which are stochastic output results by

N (22)

inputting a total random numbers, Nyx and Nyy are il
stochastic frequencies in sets of RAND_Vy and RAND_V. It's
worth noting that probability is not equivalent to the frequency,

sousudly R 1 n,, . RE 1 n,, ( Ny and nyy mean ny). With

ny changed into $ , it is easy to know that initial r is not the

best approximation, which can be revised as:

F=ExF I/’

So the precision of formula (23) can be evaluated by:
EI’I’OI’_WZ = % ﬁ P >(| 1>(I’ - Ic\/x)"'l 2>(I’ - fVY))z (25)

Wherel | =Rl / (Rl +/%), |, =5 /(R +Al5)-

f,,x andf,, can be calculated by formula (24).

2) Set the total random numbers of circle filled in RAND_Vy
and RAND_Vy as N (in Figure 5 b)). How long the radius of
small circle is? Calculation processis similar to 1). So:

(24)

n =P EXN 26)
RectX XRectY
[ = RectX xRectY (27)
p XN
S_AreaV, =RE @ p (1, %, +1,%,)°  (28)

Wherel , = R / (Rl +R5), |, =Ry /(RR +Ry)-
Error _SV, = [T - Ny [4RS -y 19 (1,05 +1,0,)°
(29
3) In order to avoid error caused by stochastic factor (like
above mentioned two methods), we set radius r only as an
initial value. After % appears, r is modified by formula

(27). Therefore:

S_AreaV, = RZ A/5 p X1 9, +1,,)° (30

EI’I’OI’_S/Z :lﬁ - N |>1$' Ny |’p )(Il)(rvx - Avx)+| 2)(rvv - I'A\/v))z
(1)
This likes a posterior estimation, because in formula (30) % ,

R, fx . fy aredll posterior values.

4. EXPERIMENT AND FURTHER WORK
4.1 Vyerror estimation based on simulation data

Suppose error ellipse parameters are as below table 1. On the
basis of those two error dlipses, the distribution of Vz can be
evaluated by formula (14). Moreover, its graph is drawn in
Figure 6. As we can see, V7 distribution has certain regularity
and likes two connected |eaves.

Table 1. Theerror elipse parameters of Vx and Vy
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V(x,y) E(pixel) F(pixel) 9e(®)
Vy (20, -20) 15 6 30°
Vy (20, 20) 18 8 45°

L L I I
) 20 0 0

I L
2 El

L L I I
0 0 0 10

Figure 6. Vzerror graph under the condition of error ellipses Vx and Vy
4.2 Vzerror estimation based on image data

The input land-based data used in this experiment were shot by
a KODAR (PROFESSIONAL DCS Pro SLR/n) non-metric
camera with the size of 1000*1500 pixels (compressed), focal
length 24mm and the pixel size 0.025mm. Figure 7 b) is the
results of line segments extracted and grouped by the directions
vanishing points. Furthermore, it is difficult to detect V, directly.

b) Extracted and uroﬁoed

a) Oridina imaae
Figure 7. Image data

With camera distortion ignored, two error elipses of Vy and Vy
can be acquired by the adjustment approaches mentioned above,
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whose restilts can be seen in Table 2. ¢ isaposition error and

s 0 isastandard deviation.

Table 2. The error ellipse parameters of Vx and Viyfor Figure 7

V(xy)  E(pixe) F(pixd) ) Sp S,
VX_(22§’3?97)50’ 762.1 68 1793 7621 038

%6(231%? 14.0 18 913 141 030
Vz7 (71792)-87 32540.740.0054

The coordinate of the third vanishing point (V) is (105.8, 777.6)
and its area (32540.7) and error (0.0054) is evauated by
formula (30) and (31) respectively.

4.3 Conclusion and future work

This paper suggests solving vanishing points based on
RANSAC and Condition Adjustment with Parameters, which
has rigorous theoretical foundation and can greatly eliminate the
gross error by RANSAC and iteration method with variable
weights. Furthermore, error ellipse, which is calculated by co-
factor matrix, is presented to estimate the accuracy of vanishing
point. Especially, how to calculate and estimate the third
vanishing point (V) ant its error distribution is presented based
on geometric relationship of vanishing points and random
statistical method (Monte-Carlo). A few preliminary theories
and methods of evaluation V; are proposed.

Through the experiment, V; error graph is drawn by random
simulation. Vanishing point (V7)) area and its error is aso
estimated. The conclusion is that usually the precision of
vanishing point is not very high. Moreover, V; area estimation,
in this article, is only simply discussed, so more rigorous
solution, such as numerical solution, simulation solution and
analytical solution, should be studied deeply in future. This
research may expand basic theory, as well asimprove or test the
universality for the application of vanishing point in order to
find anovel and economical way for MMS.
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