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Abstract—The paper considers the solution of the isa homography matrix [10].
photogrammetric problem of measuring the planar objects . N .
dimensions with projective distortions that are characteristic for The homography matrix for a projective transformation
low-altitude photography. It is shown that a bird's eye view Can be represented as the product of matrices of affirend
transformation technique allows estimating the area occupied by ~Proper projectiveH, transformations [11]:
planar objects with a relative error of up to 5 %.
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[.  INTRODUCTION 1 0 0

Projective distortion is a type of geometric distortion that H=l0 1 0l H.=HHH

. . . . . p— ’ a— it s
typical for low-altitude photo and video shooting, which
violate the form and the true relative position of objects on the hey sy 1

image frame. Correction of projective distortion is performed
when drawing up plans or maps of the terrain, based on thad
results of optical-electronic aerial photography [1],
for combining images taken from different angles [2-4], the

shooting of texts [5] and rectangular planar patterns (such as s 0 O c -s 0 1 0 Au
maps, pictures or posters) [6], vehicle surround monitoring [7] 1 = | o s O|,H=|s ¢ O|,H=[0 1 Av
and parking assistance [8], lane line segmentation and ° 0 0 1 o 0 0 1 ' 00 1

detection [9], etc. In the photogrammetric problem of the
object size estimation, such type of distortion leads to
incorrect measuring results. are matrices that specify the transformations of scaling,
rotation and translatior; = co®, s=sinp, ¢ — the rotation
Il. PROJECTIVETRANSORMATIONS ANDHOMOGRAPHYMATRIx ~ @ngle counted in the counterclockwise direction, &nel, and
Au, Av are the scale factors and translation values at the

Projective linear transformations can be presented as: horizontal and vertical direction, respectively

_ The problem of projective image distortion correction
m = Hmy, usually consists in estimating the matrix that is inverse to the

) ~homography matrix:
where m; and m, are, respectively, the homogeneous pixel

coadinates of the image before and after the transformation, o
and my =H "m,. Q)

Depending on the presence or absence of a priori

hi, hy hig information about the parameters of the projective
H=|hy, hy, hy transformation and the observed objects, two main approaches
of the homography matrix estimation can be applied for
hyy hg; 1 finding the solution of the projective distortion compensation
problem.
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A. Homography Matrix Estimation for Images of a Priori have neither radial nor tangential distortion). In Fig. 2, the real
Known Form Objects camera (RC) is located at poi6tl with the altitude above

If a priori it is known that the contour of the object in ViEW PlaneVy, and the VC is located at poi@¥ with height

image is approximated by a convexgon,n > 4, and occupies V,. Let us suppose also that the point of the RC and VC

the greater part of the frame (Fig. 1), then its vertices pixé?rincipal axes intersection lies on the observed plane with

coordinates can be estimated using Hough or Rado'}llormaln'

transforms [12]. Next, the desired vertices coordinates in the
image without projective distortionuf v,) are used for
constructing (by stacking) a system of linear equations for the
classical homography matrix estimation procedure rby
points’ correspondences [10]:

Tangh= 0, (2
whereh = [y, Mg, Mg, Moy, Mo, hog, hay, hap, 1]7 and

Too=|h v 1 0 0 0 —uyw, —ww, -y
29 0 00 y v 1 —vu, —-w —vl'

(U2, Vo) Fig. 2. Mutual position of real and virtual cameras.

The homography matrix for known intrinsic and extrinsic
paameters of a pair of projective cameras and the observation
of a plane is determined by expression [10, 17]:

0 \

Fig. 1. Image with projective distortion (left) and desired image without T 1
distortion (right); the dashed line shows the straight lines that can be HVC_to_RC: KRC[R - (tn )/d]ch ) (3)
found by the Hough or Radon transform.
] ] whereK gc andK ¢ are intrinsic matrices of RC and V@js
The pseudosolution of (2) is the last column-vector ofy distance to the observed plane; anés a normal vector
matrix V, corresponding to minimal singular vali,, of  (according to the geometric constructions in Fig. 2, in the VC

singular value decomposition product [10]: coordinate system the following is true:d=V,,
n=1[0, 0, -1]).
Tome = UZV'. The angular orientation of the RC relative to the horizon

plane (in Fig. 2, it is shown in dashed lines) can be estimated
Algorithms based on a priori information about the form ofusing a pre-calibrated three-axis MEMS accelerometer that is
objects are mainly used to eliminate projective distortion§ixed on the camera body. K-axis of the accelerometer is
when shooting text sheets or rectangular planar patterns [5, 6jirected along the RC principal axiéaxis is directed to the
left side andZ-axis complements its coordinate system for
B. Homography Matrix Estimation by means of the right-handed use, then roll and pitch angles can be estimated
Information about the Camera's Angular Orientation and &s:
Distance to the View Plane

Another approach to the projective distortion b, = —atan24,, a,), 0, =-atan2f, (@°+a?)’, (4
compensation is a bird’s eye view transformation that is used
at low-altitude photography. Bird's-eye view techniquewhere B, a, a]" is the output signal of the accelerometer
displays the rectified image of surrounding objects like anaking into account its calibration coefficients [18-20].
“‘overhead” or “look-down” view [13-15]. By these angles, the rotation quaternion can be calculated

The basic idea of a bird's eye view transformation(21]:
technique is to place the virtual camera (VC) [8, 9, 16] so that
its optical axis is collinear with the normal to the viewed plane =[c c T
and then to estimate the homography matrix between real and a = [CaCo: CoSyr S8y, Sl

virtual cameras. where ¢ = co0s(0.8,), s = sin(0.8,), ¢, = cos(0.9,),
The geometric formulation of the correction problem usingsy = sin(0.%.,).
VC is shown at Fig. 2 (it is assumed that there the camera lens
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Then, from Fig. 2, the rotation quaternion of the RC To estimate the height of the RC relative to the observed
coordinate system relative to the VC coordinate system is:  plane, either an altimeter or a range meter can be used. In the
latter case, altitudeV,; is estimated from range meter
measuring valué:

d=dvc *Tp * (5)
In formula (5),q, is the rotation quaternion of observed Vi =Dcod;.
plane normal vecton relative to the horizon plane, and the
rotation quaternion of the VC coordinate system is: By estimatedR and C;, the camera translation vector is

cdculated for the substitution in (3):
- T_ E T
ove =[c,0,0,9"=[12,0,0, 2], (=R, -

Whereg = c0s(0.By¢), s = sin(0.Byc), Byc=—72, and "
ard “ 7 are quaternion multiplication and conjugation
operators, respectively [21].

The intrinsic VC matrix

To overcome a priori uncertainty about the rotation fu 0 03M,c
quaternion of observed plamg, the following two methods Kve=1] 0 f, 05Hyc
are possible. 0 0 1

The first method consists in acceptance of a hypothesis
regarding the parallelism of observed and horizon planes; angn be varied by the values diagonal elemdptand f, for
therefore: scaling the corrected imag&,c andHyc are the width and
height of the VC frame, respectively.

a9 =1[1,0,0,0]. For high quality projective distortion correction, it is
desirable to minimize measurement errors of auxiliary sensors
The second method can be applied when photo or vide@n this work there is a three-axis MEMS accelerometer and an
shooting is performed from a land vehicle (for example, irultrasonic range meter), which is achieved due to their
case of road lane lines monitoring) and consists in mountingreliminary calibration [18-20].
an auxiliary accelerometer on it. Then one approximately can

assume that: [1l. CAMERA AND AUXILIARY SENSORSCALIBRATION
qp — [Ceauxcq)aux’ Ceauxsbaux’ Seauxsq)aux’ Seauxc¢au>1T’ A. Camera Calibrz?ltion_ N -
For camera calibration, it is convenient to use the known
where c*= cos(0.9,*™, % =sin(0.®,2), Zhang calibration algorithm [22] and standard OpenCV

o = cos(0.9,2"), 5% = sin(0.%,™), and 8,2 and ¢, libraries [23] or toolboxes Iike [2_4] for i_nt_rinsic camera
are, respectively, pitch and roll angles estimated by auxiliar arameters matrix and lens distortion coefficients estl_mat|on.
accelerometer by formulas (4). n this work, 15 test frames of "chessboard" pattern with 9
cells and side of 3 cm were used.
In accordance with the formulas for Rodriguez — Hamilton

parameters, quaternion can be transformed to the rotatig! Tyiaxial MEMS Accelerometer Calibration
matrix [21]: ' . .
[21] The linear error model of the three-axis MEMS

accelerometer is given in [18-20]:

r2¢-2¢ 2 a0 ag) 2ag+aa,)

R=|2 qg+ qq) 1-2q>-207 2la,0-da) ©
2 2
2( &G~ q,vq) 24,0+ 0,9/ 1-29,-2q, wherea; = [ay, a,i, &' is an accelerometer output vector at

i-th sampleK , = Diag{ks, k;, k;} is a diagonal matrix of scale
whereq, and [, g, q]' are respectively scalar and vector factors, T is an inter-axis upper triangular misalignment
pats of quaternion. correction matrix;

a =K,T g +b +n,, €S)

The coordinates of the RC coordinate system origin in the

VC coordinate system are determined from the geometric 1 -a a
constructions of Fig. 2: ¥z zy
T=|0 1 Al
0 O 1

C1 = [0, Vitghy, Vo — VI,

where8, = atan2(, g, — 0,9z, u° + G,> — 0,5).
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ay, Oz and a, are misalignment coefficients, whereV is VC altitude,C — VC origin,c — VC principal point,
g =[O« Oyir Gz1' is @ g-force vector in platform coordinate at myci — projection of pointM; to the VC principal plane, and
i-th samplep = [by, by, b,]" is a zero bias vector of each axis, My — hormalized pixel coordinates wk,c;,

ard n,; = [Ny, Ny, N is an accelerometer noise vectoi-ti

sample. _ 1
Mycni = Kve Mygi.

Six or twelve static known accelerometer positions are
used for estimation unknown parameters of system of linear
equations (8) by finding its pseudosolution [20]. C

C. Correction of Ultrasonic Range Meter Measurements

The speed of sound propagation in air (m/s) depends on
temperaturé (in degrees Celsius), pressi¢in hectopascals)
and relative humidityRH (in percents) [25-27]:

ct, P, RH) = Ku(h)e(t)= Ku(h)(331.3+0.8), 9)

where the coefficienK,/(h) takes into account the difference
in sound velocities in dry and moist air,

K.(h) = 4.5513{(h)/M(h)]°>, (10)

M(h) is the molar mass of moist air, w

M(h) =M — (M —My)h = 29 — (29 — 18)= 29 — 1. /

M = 29 is a molar mass of dry al,, = 18 is a molar mass of Fig. 3. Explanatory figure to the object size estimation.
water, parameter

The distance between poirs andM; is:

h = 0.0RHg()/Pa dy = IMy =M [l =VKve Himve —myel =

(11)
whereP, is an atmospheric pressusg(t) is a partial pressure VIR — (tn")/d] K rc{IMrci — Mggjll-
of water vapor in moist air, depending on temperature and
atmospheric pressure, If the object contour is triangle (t) or quadrilateral (q), then
its area can be estimated by formulas
&(t) = eu(Df(P),
S = [s(s— di2)(S— di3)(S—p3)] *°

where f(P) = 1.0016 + 3.130°° - 0.074* and
e,(t) = 6.112exp[17.622(243.12 +)]. ard

In general, the speed of sound propagation in air in
addition to temperature, pressure and relative humidity S, = [(5—i2)(S— da3)(S — Tag)(S— day) — 12
depends on its frequency, however, as shown in [28], for (12)

0.5
ultrasonic frequencies above 30 kHz this dependence can be~ 025012834 + dz50ay + p0)(Ghiols + doaday — P ™

neglected. ) . .
respectively, whered; is the length of the side between

vertexes with numbers andj; s is the semiperimeter; arul
V. OBJECTSIZE ESTIMATION andq are quadrilateral diagonals.

If the principal axis of the VC is oriented normally to the
observed plane, then the solution of the problem of measurin
the linear dimensions of objects can be found from th%%
condition for the similarity of the triangles formed by points
on the object contour and their projections onto the principal
plane (Fig. 3): since the trianglésCcm; and ACC,M; are Ung = Un[1 +Ker%+ kor ™+ kar®] + [pa(r? + 2¢,%) + 202Xy,
similar, then

Additionally, for wide-angle cameras, it is necessary to
rrect the distortion of their lenses according to the Brown —
onrady model [29] and to solve the system of equations:

M, = Vmycin, Vog = Vo[ 1 + kar®+ kor ™+ kar®] + [200¢, + Pa(r® + 21,)],
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where ki, i =1..3, is the radial distortion coefficientg;, 0
i=1,2, are the tangential distortion coefficients; and =
(Ungis Vng)) @nd (1, Vi) are normalized pixel coordinates of RC 200 I
with distortion and without it, respectively,
[uni an 1]T = KRC-l[ul \'A 1]T| r= (unz + Vnz)o.s‘ ," Q:
400 LNg d
V. EXPERIMENTS
A. Model Experiments 600
The influence of errors in the measurement of angular H ! 7
coordinates was investigated by the simulation method in 0 >00 000
Mathcad: the matrices of RC and VC internal parameters were 0 a)
900 0 640 3375 0 640
setKrc=| 0 900 360| andK,c = 0 3375 360|. 200 S .
o 0 1 0o o0 1 )
Altitudes of RC and VC were seH;=800mm and 400 { -
H, = 3000 mm; angular orientation of observed plane and
camera were seb, = Y, = 0 and6, = 14, Y, = 76,
respectively; coordinates of observed object (square with side  ggo
length L = 500 mm) in the VC coordinate system were set
Ml = [_0!5-! _015-1 VZ]Tv MZ = [015-1 _0’5" VZ]T’ " 0 500 1000 w
M;=[-0,4, 0,3, V,]", M, =[0,5., 0,8, V,]". b)
To simulate measurement errors of the three-axis MEMS 0
accelerometer, the normalized value of the bias offsdor -
each of its sensitivity axes in (8) was added. 200 T
The pixel coordinates of the square corners on the images ) .
of the RCmgg and VC my¢; with considering (3)—(7) were {
cdculated by formulas: 400 .
Mrci =W KrdRM; + ], 600
H
0 500 1000 w
Myci = KveM;, c)

where parametew; is the depth of poinM; from the RC

center in the direction of its principal ray [10].

Fig. 4. The results of modeling the bird's eye view transormation algorithm
for different acceleration measurment errordy.ay 0, b)b, = 0.002, c)
b, = 0.005; the dotted line shows the RC image without correction, the
sdid line is the corrected VC image.

The simulation results are shown in Table 1 and Fig. 4.
An area of square was calculated by formula (12).

TABLE I. MODELLING OF THESQUARE AREA ESTIMATION
Additive acceleromete
bias errorp,x10° ! 2 s 4 5
Angle estimation error 057 115 172 23 286
degree
Area estimation relative
error, % 3 6.3 9.75 13.4 17.1

B. Experiments with camera

An experiment was carried out with a digital web camera
Logitech C270 (1280 x 720 pixel frame size, USB 2.0
interface), and evaluation kits of an ultrasonic range meter
HC-SR04, an atmosphere pressure sensor LPS331, a
temperature and relative humidity sensor DHT-22, and a
three-axis MEMS accelerometer ADXL345, calibrated
according to the procedure [20] that were used as auxiliary
Sensors.

Fig. 5 and 6 show frames from a camera with A4-size
sheets before and after geometric correction (a VC, which was
used for correction, was located at a height of 2 meters and
had the opposite aspect ratio than the webcam frame). And in
Table 2, the results of A4 sheets area estimation are given. The
pixel coordinates of sheets corners were estimated with Harris
detector [30].
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(3]

(4]

(5]

(7]

Fig. 5. The results of implementation of bird's eye view transormation

a) E
b)

technique into the webcam image (A4 sheetg): = -46.1°,
¢, = -1.2°,V; = 860 mm,V, = 2000 mmg, = Y, = 0, VC zoom is 4x:

a) Logitech C270 frame, b) VC frame [8]

(9]

[10]

[11]

[12]

[13]

Fig. 6. The results of implementation of bird's eye view transormation

technique into the webcam image (two docked A4 shets):—25.2°,¢, = [14]
0°, Vi = 852 mm,V, = 2000 mm,6, = Y, = 0, VC zoom is 2x:
a) Logitech C270 frame, b) VC frame
[15]
TABLE II. QUADRILATERAL AREA ESTIMATION RESULTS
, . ) [16]
Input image Fig. 5,b Fig. 6, b
Estimation of area, ¢in 595.282 1,183.87
Area estimation relative error, % 4.6 51 [17]
VI. CONCLUSION (18]

For a low-altitude photography, the use of the bird's eygig)

view transformation algorithm for correcting projective
distortions by means of a virtual camera and auxiliary sensors
(a three-axis accelerometer and altimeter) makes it possible to
estimate the area of planar objects with a relative error that &%
no more than 5 %.

(1

(2
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