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An Optimal Position and Orientation of Stereo Camera
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Abstract

A stereo vision analysis was performed for motion and depth control of unmanned vehicles. In stereo vision,
the depth information in three-dimensional coordinates can be obtained by triangulation after identifying points
between the stereo image. However, there are always triangulation errors due to several reasons. Such errors
in the vision triangulation can be alleviated by careful arrangement of the camera position and orientation. In
this paper, an approach to the determination of the optimal position and orientation of camera is presented
for unmanned vehicles.
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[. Introduction sensor is the vision sensor. A number of researches were

performed in application of vision sensor to the

A vision system is an important sensor for the unmanned forklift [1],[2]. However, the vision sensors in

unmanned vehicle such as the unmanned forklift for the research are single vision system such that it should

approaching destination. In order for the unmanned be used with other sensors to find depth information.

forklift to move with loads without an human beings, However, there are always triangulation errors due to
they need a number of sensors such as the gyro sensor, several reasons and those have been studied [3]-[6].

supersonic wave sensor, infrared rays sensor, and vision We focus on a stereo vision system with position

sensor. Out of the sensors, one of the most important and orientation errors due to several reasons. In section

2, Sensitivity for the stereo vision sensor system is
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explained. Also, System error equation is explained in
section 3.

II. Sensitivity for the stereo vision sensor
system

The stereo vision sensor system is composed of two
cameras capable of yawing and pitching motion as shown
in Fig. 1. Each camera has two degree-of- freedom (DOF).
The stereo camera is used to find the depth information
between the unmanned vehicle and an object.

In this section, the system sensitivity equation to measure

triangulation error of the stereo vision system is derived.

T2 1. AH L B AJAE AR
Fig. 1 A picture of the stereo vision system

In the following two equations, x and y can be set
as functions of X, Y, and Z by fixing the camera
orientation variables, 6, a constant. Denoting them in

function formation, we get
x=(X,c6+YsO)/k = f(X,Y,Z) (1)
y=(-X;s GaY,c OcaZ,Sa)lk = f(X,Y,Z) )
Substituting xi, yi, Xu, Yu, and Zy into X, y, X, Yo,

and Z,, respectively, in order to indicate the position and

orientation of camera one, yields

x1=(XucO+Yus Ok = fuXY.2) 3)
Vi=(-XuSOCa+Y,.COCa+Z.1Sa)/ki

= [n(XYZ) )

Substituting X2, y2, Xn, Yn, and Zp into X, y, X, Yr,
and Z,, respectively, in order to indicate the position and

orientation of camera two, yields

xZ:(szC 492Y,2s 192)/k2:ﬁ1(X Y,Z) (5)

y2=(—szs Grcar Y GreartZ,os (Zz)/kzzfzz(X, Y,Z) (6)

There are three ways to derive the system error
equation to measure the triangulation error. These ways
are dependent on which camera coordinates on the
image plane are used. If only xx, yx, and X, are used
to determine the coordinates of the task, X, Y, and Z,
equations (3), (4), and (5) are used. Taking partial
differentiations of those equations, and expressing in

matrix notation yield

61'1 8X
ou | = Ji|oy )
o, oz

Assuming that very small errors occur in locating a
scene on both of the stereo image, equation (7) can be

expressed as

A(,Cl AX
Ay |= 1 |AY )
Az, AZ

where

of n/aX of, /oY of,/0Z
Jy = |0fwn/aX of;,/0Y ofin/oZ| (9
0f 15/ aX 0fy/0Y 0fy/0Z

in which
Ofil X = cOlki+(Xc O+ Yus0) (sGsa/ )k’ (10)

it Y =S O/ki-(XuCO+YuS ) (COSa/ Wk
(11)
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il 27 =(XucOVus6) (ca/ ki (12)

ﬂf[}/&X = -S6’;Ca;/k1+
(-Xos OcartYcOcatZsa)(s (91.901/&)/](12
(13)

ﬁf]z/ ﬁY = C@Cd]/k]-
(-ers GicartY,cOcaitZ,s (11)(6‘ @S(h//l)/k]z
(14)

é)ﬁz/ﬂz = say/k+
(-Xu1s Ocart Ve Ocart Zusa)(Cay/ ki’ (15)

Ofoil IX = ¢ Olkrt(Xac Ot Yoo 6)(s G/ N/ky
(16)

o) IY = 5 Ofkr-(Xr20 O+ Y05 ) (c S/ Wk
(17)

sl Dz=(Xac Ot Yoos O)cay Nk (18)

The measurement errors in  three-dimensional
coordinates due to the input errors, Ax;, Ay, Ax; in
locating the projection of robot task on the image plane,

are then easily determined by the following equation as

Ax AX,
Ayl=J '|AY, (19)
Az AZ,

Similarly, the measurement errors in three-dimensional
coordinate due to the input errors, Ax;, Ay, Ay in
locating the projection of robot task, are determined by

following equation.

Ayl=J '|AY, (20)
Az AZ,

where

of/ox of, /oY of,/oZ
Jy = |0f12/0x 0f1./0Y of./0Z) (1)
0f9s/0x 0fa/0Z 0fyy/0Z

in which

ﬁfzg/ JX=-s @ca;/kﬁ (—szs (92C o+
Yoc OrcartZosa)(s BSa/Niki  (22)

ﬂfzg/ JY=c lgzcaz/kz-(-szS Grear+
Yooc GrcartZosa)(cOSa/ ki (23)

0722/ JZ=s @/kyt(-Xs Gew+Y, 0 Geart
Zosaw)(ca/)ky) (24)

Also all the Ax;, Ayi, Axy, and Ay, can be used to
determine the measurement errors in three-dimensional

coordinate as

Az,

Ay, AX

Ao | = Jy |AY (25)
T2 AZ

Ay,

where

ofy/aX of, /oY of,/0Z
0f12/aX 0f1,/0Y 0f,/0Z

0fs/aX ofy/0Y 0fy /07
0f 9o/ aX 0fse/0Y 0fqy/02

The J; in Eq. (26) is a four by three matrix. If the
matrix (J3TJ3)'1J3T is applied on both sides of equation
(25), we obtain

AX Azl
AY|= (L) uT Ayl 27)
AZ Ax2

Ay2

Three ways of derivation of the system sensitivity

equation to measure the triangulation error have been
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made so far. Equations (19), (20), and (27) are the

matrices to measure the error in three-dimensional
coordinate by the input error on the image planes.
Similarly, the system error equation to measure the

triangulation error is derived in next section

II. System error equation

The depth information of the dimensional coordinates
can be obtained based on the projected scene on the
stereo image. Because of image resolution and possible
computation errors in image correlation and human error
in locating ascene on the camera image, a certain degree
of the depth
information of the robot task in three- dimensional

inaccuracy in  determining correct
coordinate always occurs. In other words, if we assume
that those input errors, x;', yi', X2, and y;' on the image
planes occur, the corresponding errors X', Y,', and Z;'
are caused in the three-dimensional coordinate. In this
approach, the system error equation to measure the
triangulation error is derived in this section.

The system error equation is based on equations (6)
and (7). If only xy, yi, and x, are used, the system error
equation can be expressed as the following matrix by
setting xx; = X;X1', yy1 = yityl, Xx2 = XotX2', and yyz

= vty

X1+X/ Azx,
A|Y1+Y = [ ez, (28)
AR Az, + P

where A' =

zxy 80,50y + Ay, —xx,d saq +As0,,
Yy, 86,804 — s, coy, — yy, 50y + A ey, Yy coy + Asey

T C0y
TLy50y50, + Ay, — T2 y500 + NS0, TTHC0

(29)

If only x, yi, and y, are used, the system error

equation can be expressed as,

LR 357
X, +X/ Arz,
B|\Y + Y= |\, (30)
Z.,+ 2z’ Az, + ¢
where B' =

rx501s0q T Acby,
yy1501s0; — AsOcay, — yych sy + Aeb ey, yycoq + Asay
YYas0805 — AsOycay, — Yyschasay + Acbhocany, yyscan + Asay

(1)

—xxchisoq + Asby, Txc0

If all the variables, xxi, yy;, Xx, and yy; are used, the

system error equation can be expressed as,

X, +X,/ iml
CYa+v|= (2)
Z,+ 2 T TP
" Ayys T4
where C' =
xxy 8050y + A, —zx sy T Asl, a0y

yy, 86,50 — s, coyy, — yy, by s0y + A, ey, Yy coy + Asoy
x50, 50, + Ay, —xx,,50, + Asl,,  xX,C00
Yo 58550 — AsOyc0t, — Yyy s, + Acly e, Yy,con + Asay,

(33)

P = (xeS@Saz+/1L’92)(ng- 01)+(—XX2C(92S(12+
As O)(Yor-Yo)txxsc (Zor-Zor)  (34)

q' = (yy28 05 -As C ) (Xor-Xop) +(vy2c s o+
XeGrea)(Yor-Yor)+(yyacart As @) (Zo-Zpy) (35)

The procedure of deriving the system error equation is
quite similar to that of system sensitivity equation, so that
only equation (32) which uses all the input variables is
derived.

In equation (33), the system error can be expanded
C + C; where C is decided
(32) and (37), and C; matrix is expressed as,

into two equations as, C' =
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’ ’ ’
xy 80150, —x clsay, T cay
’ 0 ’ 9 ’

_ | Y1 8YisQy, T Y CU1SQy, Yp Cay
a=\" , : (37
Ty 80980y, — Xy COy5uy, Xy COy
’ ’ ’

Yo 805509, — Yy Sy, Yy COuy

The matrix on the left side of the equation (32) can

be expanded into the following matrices,

XX (X (K] [X
OV + Y |=C\Ya|+C|Ya|+C| Y, | (39)
Z,+2 4 24 Z,

From equation (38), the following equation yields

X, X[
V== | Y|+ | 9
7 7 )\a:2+1)’—p
' S R

where

P-P = Xz'S@Sdg(ng -X,1) -x;'cezsaz(Yoz-Y()[) +
XQ'Cag(Zog_Z(,]) (40)

q'—q = yg'SHzSCZz(XOz-Xm) -yz'Ctgzaz (YOQ-YO]) +
yz'CCZz(ZOz-ZOl) (41)

All the terms of equation (39) have four rows.
Dividing the first, second, third, and fourth row of both
sides of equation (39) by xi', yi', X', and y,' respectively

yields

e/ /z)
& lyy
03,/552/
64'/y2,

, —stsa, cfisay, —cay
_ | =sbsay cbisay, —cay %
, —sb0sa, cbisay, —coy Z"

—sb0sa cfsay, —cay, r

A
A

A+ (P -P)Y (42)
At —q)/ Yy

where we set the matrix C' as

01:
C' = gj (43)
cy
We set k' as
k' = Ak (44)

Substituting 61, & Xo1, Yo1, and Zo; into 6, a, Xo, Yo,
and Z, respectively, to indicate camera one coordinate,
yields

k' = Mk = -sGSaXtcBsaYy-cd+ A (45)

Substituting 65, as, Xo, Yoo, and Z, into 6, a, X, Yo,
and Zo, respectively, to indicate the camera two
coordinate, yields

kz’ = /UQ = 'SQZSCZZXI’Z‘I'CQQSQZY;]'CQQZ;Q‘I'A (46)

Rearranging equation (42) yields

c'/x, , k,/
Cz’/yi' ))(/1/ _ ki @)
Gy | | | ket =y
04/3/2 ! k2+(q—q)/y2

If we set

C’l'/xl’
02,/?/1,
ez,
04’/92/

D= (48)

the D matrix is a four by three matrix. In order to get
the errors, X;', Yi', and Z;' of depth informations in the
three-dimensional coordinate affected by the input errors,
Xi, Yi' and Z;' on the image plane in the camera
coordinates, the least squares method should be applied.
The least squares method is applied by pre- multiplying
on each side of the above equation by (D'D)'D', which
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yields
X/ k1
, , k1
Yi'|l=m™p)"'pt , "7, 1 (49
le/ ( ) k2+(P _P)/xz )

Kyt (@ =)y

The purpose of the optimal arrangement of position
and orientation of stereo camera is to decide the best
stereo camera arrangements to produce the least
triangulation error as mentioned before. The depth error
X1, YY), and Z,' in three-dimensional coordinates is
affected by the variation of the ten explicit variables, Xtl,
Yo, Zn, Xu, Yr, Zn, X1, Vi, X2, y2, and four implicit
variables, a;, 0, d,, and 0, Here the aiming angles of
the stereo camera to the task and the mapped position of
robot task on the camera image plane are dependent on
each other. In other words, X, yi, X2, y2 can be treated
as implicit variables and at the same time a;,0;,0, and 6,
can be set as explicit variables.

In order to solve the optimization problem, the limits
of the image plan should be set within the image plane
size, because the image of task can not be mapped out
of the image plane. The smallest absolute value of the
error, X', Y1', and Z,' in three-dimensional coordinate in
equation (49) should be obtained. If the absolute value of

the error is set ERR, the expression is
ERR = sqri(X,"+Y,"+Z,") (50)

In order to find the minimum value of the equation
(50), a program based on the "complex" method of M. J.
Box is used [6]. The program finds the minimum of a
multi variable, nonlinear function subject to nonlinear

inequality constraints.

IV. Conclusion

A stereo vision analysis was performed for motion

and depth control of unmanned vehicles. In this paper,

a system error equation for the stereo vision is derived.
Also, an approach to the determination of the optimal
position and orientation of camera which produce the

least triangulation error equation is presented.

Acknowledgment

This research was supported by a grant (11Transportation
System-Logistics02) from Transportation System Efficiency
Program funded by Ministry of Land Transport and Mariti

me Affairs of Korean government.

References

[1] Vucobratovic M. and Stepanenko M., “Mathematical
Models of General Anthropomorphic Systems”,
Mathematical biosciences, Vol. 17, No. 3-4, pp.
191-242, 1973.

[2] Gubina, F., Hemami, H., and McGhee, R. B., “On the
Dynamic Stability of Biped Locomotion”, Biomd.
Engineering, IEEE transactions on Vol. 21, No. 2, pp.
102-108, 1974.

[3] Duda, R. 0. and P. E. Hart, Pattern  Recognition
and Scene Analysis, Wiley, New York, 1973.

[4] Slama, C. C., H. Ebner, and L. Fritz., “Analytical
Triangulation”, in Manual of Photogrammetry, 4th ed.,
ed. C. C. Slama, American Society of photogrammetry,
Falls Church, Va., pp. 476-518, 1980.

[5] Faugeras, O.D., N. Ayache, and B. Faverjon, Building
visual maps by combining noisy Stereo
Measurements, in [EEE International Conference on
Robotics and Automation, San Francisco: CA, pp.
1433-1438, Apr. 1986.

[6] M. J. Box, “A New Method of Constrained Optimization
and A Comparison with Other Methods”, in The
Computer Journal, Vol. 8, pp. 42-52, 1965.



360 Shrale)ats] =4 Al 17 A Al 3% 20139 69 (JKONI 17(3): 354-360, Jun. 2013)

z & Al (Hyeung-Sik Choi)

19931 29 : North Carolina State Univ.
(TS

19933~&A] : 3h=raf st
AR A 28 F 8 W

A1 R0} : Humanoid Robot, Unmanned

Underwater, Vehicle, Two Cooperating

robot arms

Z & 4 (Hwan-Sung Kim)

19961 29 : IE Kumamoto Univ.
(F8HAh

1998'I~AA] : Sl i stal
EFAEH TS e
TAEk: BER7I7] 9 AFEAY

2l 3| ¥ (Hee-Young Shin)
20064 39 : 3ha ek Etn
7)Ao A A 25l 5 8H(F AT
20123 3€~8A) ;. sk
7\ AN IA A 28 F8F AL
41 E-of : Unmanned Underwater Vehicle,

AFsA| o]

4 A = (Sung-Hun Jung)

2007 2¢ ¢ kol el shul(F gAY
2010 8E~&A] : sl ista
AG71EAT A et T
HAJEoF - Maritime Communications, IT
Convergence, AGV, Mobile Contents




