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Control of physical surface by detecting coordinates
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1. Introduction

There are various methods for determination and
control of physical surfaces (products) parameters [1-8].
The method of surface scanning by using laser technolo-
gies is easy to realize from organizational point of view but
more complex from technical side. Such method of surface
scanning is accurate. Standard deviation estimate reaches
of point position few pm [2, 8]. This method can’t be used
for determining points on complex surfaces, which are not
seen for scanning ray. Therefore other methods should be
used when due to the complex physical surfaces scanning
ray can’t “see” some surface points. A method for deter-
mination of physical surface points 3D coordinates by
charge coupled device (CCD) camera with focal lens is
presented here. Proper scale is provided for the elements of
linear converter of photodiodes during CCD camera cali-
bration. Point coordinates are determined by the method of
linear intersection in a free coordinate system by using two

CCD cameras. Necessary distances between CCD detector
and the point in question are determined from adequate
elements measured in linear detector by using derived for-
mulas. The size of examined physical surfaces (products)
could be up to some tens of meters. Accuracy of suggested
method is analysed.

2. Theoretical background

Linear intersection method could be used for the
determination of physical surface coordinates. Distances
from starting base points (Figs. 1 and 2) with known coor-
dinates to the points in question should be measured. The
number of minimal starting points is two. Coordinates can
be measured in any system, for example free system. Plane
coordinates of a single point i (xl-, yl-) are determined by

linear intersection method, which is based here on measur-
ing slope distances §); and S,, (Fig. 1).
Projections of distances to the horizontal plane (or
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Fig. 1 Scheme of coordinate determination by linear intersection method: i- projection at point i into the horizontal plane

any other) 511- and §2i are determined form observed an-
gles v;. CCD cameras are set by the help of electronic
level at the starting points 1 and 2. Their coordinate system
is fixed by calibrated distance S =§12 from selected

freely whole circle bearing «;,, e.g. a;, =0° Deviation

i_zi of the point i is obtained by height from the horizontal
plane by using computed angle v;. The value of this angle
is determined from CCD detector reading. This is shown
below. Measuring principle of distances S,; and S,; as

well as computation of points coordinates are shown in
Fig. 2 and presented nn formulas.

CCD cameras are set at starting points 1 and 2
while length of the cylindrical ruler (with electronic level
for verticality control) with two stroke calibrated distance
between them d (e.g. 100 mm) at the point i is fixed. Start-
ing reading of CCD detector a, is accepted as equal to
zero when collimation line is horizontal or parallel to the
set plane. Based on Fig. 2 one can write an equation for
measured distance S}, between the points 1 and 2

, d
5122512?:

ds; k

d'cosv, d'cosv,

(1

where k =dS; is CCD constant, S is distance between
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lens centre and linear detector, d'is projection of the cali-  viewing angle of point a, of deflection of the segmnent d

brated segment d into CCD from the point 2, &, is view-  from horizontal plane, S|, is projection of the slope line

ing angle of the segment d from CCD at point 2, v, is

S, in the CCD camera.
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Fig. 2 Diagram of distance measurement applying CCD camera

The projection 512 of distance S|, to horizontal
plane, when Eq. (1)

§12 =S, cosv, :k% 2

Analogically we get the inclined distance S,

das,
Sli :Sllii,: " - = rrk
d" d'cosv, d'cosv,

A3)

where d" is projection of the segment d from point i into
the CCD detector, v; is viewing angle of point «@; of the
segment d deflection from horizontal plane; ¢; is viewing
angle of the segment d from CCD at the point i.

Projection of the distance S,; to horizontal plane

S, 11> when Eq. (3) is taken into account

8, =Sy cosv, =k— 4)

n

Values of angles v, and v, are computed from

the formula
’
v, = arctan—z, &)
0
’
v, = arctan—- (6)

0

where h) =aj—a,, hl=a;—a, is segments of CCD

detector.
Single deflection of point i from the horizontal

plane I_z, is (Fig. 2)
b =h+1 (7

where 7/; is deflection of the cylindrical ruler point a;

from horizontal plane, / is known ruler length.
Value h; is determined from known angle v; by

applying the formula

h; =Sy sinv; = Sytgv; (®)



By using this measurement method with known
CCD detector constant k value and projection of the cali-
brated segment d to CCD d’and d" values, we can com-
pute distances between CCD and projections of single
points to the horizontal plane S;, S,; and further coordi-

nates of these points.
Coordinates of point i are computed from the
formula

)
(10)

X; =X +8); cosay; =x, +8,; cos oy,

YVi=Yyi Sy sinay; =y, +8,; sinay;

Whole circle bearing angles of lines S); and §,;
are computed

(11)
(12)

o =a, +f

a,, = o, T180° -,

Angle ¢, of baseline S;, whole circle and the
values of angles S, and S, are computed from the formu-
las

o, = arctan22—21

Xy =X

(13)

B = arccos{ (5122 +82 -8} )} =arccosA (14)

12%1i

1
B, = arccos{2 )} = arccosB (15)

—(Si+55-50
12%2i

where 4 and B are functional values in the braces, §12 is

projection of line S|, in the horizontal plane.

Computations can be performed in a free coordi-
nate system by introducing, e.g. ¢, =0° and x; =y, =0.
Then x, =S}, cos0°=S,,, Vs = §12sin 0°=0.

Further ay; =360°+ B,
ay; =180° =B, S

we can  write:

x5 = Sjcosay; =S|, +Syc050,;;

y; =8 sinay; =8, sinay;.
3. Coordinate accuracy estimation

Distance between CCD camera 1 and projection

511- of point i is computed from the Eq. (4)

1

§1i :k_”
d

Standard deviation of this distance by applying
mathematical statistic laws is computed from the formula

1
ol=k’ —0} +

1
S dn4 2 O-If (16)

dﬂ2
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where og,0,/,0;, are standard deviations of adequate

quantity (variable).
Accuracy of CCD camera constant k = dS|, is es-

timated by standard deviation o, from the formula [6]
of = d20'§6 +Sy0;

(17

We will analyse estimate of standard deviations
for measured distance, when parameters of CCD camera

and cylindrical ruler have the following values:
So=100mm, d"=10mm, d=100mm, oy =0,=
=6, =lum, S; =1000mm, k=10* mm?.

From Eq.(17) we get: o-,? =2.107% and
o, =0.14 mm”.

Further on from Eq.(16) we compute:

2

-2 2
SR 10"mm~ and o, ~0.1lmm.
i 1i

Standard deviations the coordinates of single
point i are determined by taking into account Egs. (9) and

(10)

2
o,

, (18)

2,522 2 2 2
=0, +8sin"a,0, +cos’a,o5

2
O-yi

(19)

2, G2 2 2 . 2 2
=0, +8,cos"ay,0,, +sin" a0

Standard deviation o, of line S); whole circle

bearing «;; is computed from the formula

2 _ 2
O-ali _O-alz

+o? (20)

Standard deviation o, of starting line S,

whole circle bearing o, expression, from Eq. (13) is
equal (when x; =y, =0)

2 \2
X,

2 -2
_ V2 2.4 2 2 2
_(1+x—2 ()/2)c2 o, +x, 0'},2)

»
X5
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By accepting whole circle bearing «;, =0°, for
line §;, we get o, =0.
Expressions of standard deviations of o, and

op, of angles f; and /3, are analogical

7 =(1-#) i =g (- )
555755552
Xo-élz +(_§12 51;2 +§1 1 +§1; SI;Z Szzi) O-;li *

(22)



where 4=——= (§122+§1§—§22,)
12%1
If S,=8,8,,=§ and o5 =05 =
o5, =05 We get 0'21 :2sza§ and
V2o
op == (23)
Analogically we get
V2o
Uﬂ =
: S
By using Egs. (14) - (17), (19) and mean values:
S; =1000mm, «a;; =45°, oy=0.Imm we get

o, =0.12mm, o, =0.12 mm.
Accuracy of deviation of the determined point i

from horizontal plane }_zl Eq. (7) can be assessed as

2

o; =0, +o] (24)
Standard deviation of value h; Eq. (8) is equal
2 g2 1 2, 2, 2
o, =8 70y, tog tan”v, (25)
' cosv; ' .
As accuracy of v; is evaluated using Eq. (6)
1 oz Y oz Y
FCARL Wy | -2 IS e [
‘ (1 i 22) Oh/ T\ 08, 0
1 B\
2 i 2
=——<—o0, +| — | og 26
(1+Zz )2 S(;z hi (S(;Z J S0 ( )

here z=h;/S;.

Using the values of parameters of the CCD cam-
era and cylindrical ruler from the earlier analysed example,
we receive such evaluates of standard deviation, when
v, =45°, o, ~0.7-10 rad,,

0; =0.0lmm: o, =

~ 0.1 mm, o ~ 0.1 mm.

These results of computations point out, that ac-
curacy of the computed coordinates is almost equal to the
accuracy of measured line lengths accuracy.

4. Conclusions

1. A method of linear intersections for determina-
tions of significance of parameters of physical surfaces in
remote sensing, by employment spatial coordinates of sur-
face points in a free coordinate system is presented. Spatial
coordinates of points are established by baseline of two
CCD cameras (matrix of photodiodes) with focal lens by
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the application of adequate elements measured in CCD
linear detector.

2. For estimate of accuracy of the suggested
method formulas to compute standard deviation of spatial
coordinate of physical surfaces are derived. The accuracy
of computed coordinates of points is almost equal to the
accuracy of measured line lengths accuracy by the sug-
gested method.
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KOORDINATINIS FIZINIY PAVIRSIY PARAMETRU
KONTROLES METODAS

Reziumé

Pateikiamas teorinis ir praktinis fiziniy pavirSiy
(gaminiy) parametry reik§miy nustatymo ir kontrolés prin-
cipas. Sis metodas jgyvendinamas naudojant CCD (charge
coupled device) kamera (fotodiody matrica) su fokusavimo
IgSiu pavirSiaus tasky erdvinéms koordinatéms nustatyti.
Tasku koordinatés nustatomos linijinés sankirtos laisvoje
koordinaciy sistemoje metodu, panaudojant dvieju CCD
kamery bazing linija. Atstumas tarp bazinés CCD kameros
ir nustatomo tasko gaunamas pagal CCD detektoriuje i$-
matuotus atitinkamus elementus. Tikrinamyju fiziniy pa-
virsiy (gaminiy) matmenys gali siekti kelias deSimtis met-
ry. Pateikiamos formulés nustatomuy tasky koordinaciy
tikslumui jvertinti.
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CONTROL OF PHYSICAL SURFACE BY DETECTING
COORDINATES

Summary

Theoretical and practical principles of the deter-
mination of physical surfaces (of products) parameters and
their control are presented. This method is realizable in the
determination of spatial coordinates of surface points when
CCD (coupled charge device) camera (matrix of photodi-
odes) with focal lens is used. The method of linear inter-
sections is used for recording point’s coordinates in a free
coordinate system, when a baseline of two CCD cameras is
established. Distance between the basic CCD camera and
the point in question is obtained by adequate elements
measured in CCD detector. Size of the examined physical
surfaces (of products) could be up to some tens of meters.
Formulas presented could be used for accuracy determina-
tion of coordinates in question points.
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W. CkeiiBanac, [. Uurac

KOOPIMHATHBI METOJT KOHTPOJIS .
IMTAPAMETPOB ®U3NYECKHNX ITOBEPXHOCTEUN

PezomMme

[IpennoxxeH TEOPETUUECKMA M TNPaKTUYECKUI
MPUHIUI Ui ONpeNesIeHNs] U KOHTPONS 3HAauyeHUuil mapa-
METpoB (u3Mueckux moBepxHocTed. Hacrosmuit meTton
peanu3yercss MyTeM OIpeJeNieHHs] MPOCTPAHCTBEHHBIX KO-
OpAMHAT TOYEK (M3MYECKUX IMOBEPXHOCTEHW NPH HCIOJNb-
3oBaHum kamepbl CCD (maTtpuna (oTomuom0B) ¢ JIMH30M
¢oxycupoBku. [l ompexneneHus KOOPAMHAT TOYEK HC-
[I0JIL30BAH METOJ JIMHEHHON 3aCE€YKN B CBOOOIHOM CHCTE-
M€ KOOpJIMHAT NMPH HPUMEHEHHUH 0a30BOW JIMHUU MEXIY
nBymsi kamepamu CCD. PaccrosiHue mexay 0a3oBoil ka-
Mepoit CCD u GuKCHpyeMO# TOUYKOHM OmMpeaessieTcsi 1o
M3MEpEeHHBIM d3JieMeHTaM B JuHeiHoM netextope CCD.
[TpoBepsiemble (u3HYECKHE TOBEPXHOCTH MOTYT HMETh
pa3Mepsl B HECKOJBKO MAECATKOB MeTpoB. IIpennoxkeHsl
(OpMyIIBI JUIS1 OLICHKH TOYHOCTH OIPEAEISIEMBIX KOOPIIH-
HAaT TOYeK.
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