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Abstract:

The establishment of stereoscopic correspondences fayeariamber of taets in a true 3-D application without a contin-
uous surdice connecting the ats does often pose fitililt problems to automatic or semiautomatic processing systems
the tagets do not shw ary features which alle for a reliable distinction of candidates, only the geometric criterium of tf
perpendicular distance of a candidate to the epipolar line can be applied. Depending on the nungle¢s ahtathe depth
extension of object space this may lead to ureddly ambiguities. As arkample for this problem an application of digital
photogrammetry to 3-D particle trackinglecimetry can be considered. In this papeo twethods will be discussed to
reduce the number of ambiguities drastically by eyiptpthree or more cameras in special configurations: the method
intersection of epipolar lines and a method with asymmetric arrangement of three camerasdmaocomputer vision. In a
detailed analysis of the methods the reduction of the numbewqeti&ble ambiguities, which can amount to a reductig
factor of up to 100, will be pven and quantified.
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1. Introduction

Three-dimensional particle trackingelecimetry (3-D Maas (1992) or Adrian (1991).
PTV) is one of the most peerful flow measurement tech- po— T
niques. It is based on seeding avflwith small, reflecting,
neutrally uoyant particles and recording image sequences
of these particles by a stereoscopic camera setap. T
achieve a suficiently high spatial resolution a dense
seeding of the fl@ (1000 - 2000 particles) is usually
required. Vith video technique and methods of digital
photogrammetry completely automatic PTV systems can g
be deeloped today (&pantoniou/Maas, 1990)rying to ;
judge the reliability of such a system one has to cope the§
fact that the high tget density causes ambiguities in some %
steps of the processing of image sequences in order tof
derive particle trajectories. The data processing from
images to trajectories can bevided into the follaving
major processing steps (Maas, 1990):

* Image sgmentation / determination of particle image
coordinates

» Establishment of correspondences between particle im- '

ages in diferent viavs _ . _
Figure 1: Example of particleimage (~ 1400 particles)

« Computation of spatial coordinates Figure 1 shas an @ample of a typical particle image with

* Tracking some 1400 imaged particles. Once the image coordinates of
» (Interpolation to rgular grid) all particles in all images ka been determined, corre-
Ambiguities may occur as particles partly or totallyeo spond_ences between data of théedént images he tp be
lapping each other in one or morewsein the sgmenta- established to be able to calculgte the 3-D coordinates. In
tion step, as multiple candidates in the epipolar search photogrammetry we empjdhe epipolar geometry to selv

window in the procedure of the establishment of stereo- this problem. Knwing the orientation parameters of the

. . . . meras from libration pr r r ing from
scopic correspondences and as multiple solutions in ca. € a,s. 0 a.ca bratio pocedg €, .p oceed g. om a
point P’ in one image an epipolar line in an other image

tracking. This paper will only address ambiguities in the be defined hich th di int h b
photogrammetric matching process; ambiguities in image can be detined on whic the corresponding pomt has _to €
found. In the strict mathematical formulation this line is a

sgmentation and in tracking can be estimated Walg . ) ) .
straight line, in the more general case with vemgent




camera-a&s, non-ngligible lens distortion and multimedia 20,

geometry (object and sensor in media witledént refrac- Py, = (n—=1) DT (Eq. 3)
tive indices) the epipolar line will be a slightly bended line. o

Its length| can be restricted if approximate kviedge one recaies the gpectable number of ambiguities per ster-

about the depth range in object spacevislable, e.g. the ~ €OPair

range of the illuminated test section. Adding a certain toler-

ance widthe to this epipolar line ggnent (due to data N, = (n’=n) L (b1, HZ max = Zmin)
quality) the search area for the corresponding particle F Wpin L2
image becomes a nawdwodimensional winde in image
space.

_ (Ed. 4)
min max

The number of ambiguities gus

» approximately with the square of the number of parti-
2. Two-camera arrangement cles

With the lage number of imaged particles a problem of ° linearly with the length of the epipolar linegseent

ambiguities occurs here, as ofterotar more particles will ~ *  linearly with the width of the epipolar search wimdo

be found in the search area. If the particle featuressiike, With realistic suppositions for the number of particles per
shape or color do not alloa reliable distinction of parti-  image and the dimensions of the epipolar search wirido
cles, these ambiguities cannot be edlby a system based a reasonable camera setup the number of ambiguities to be
on only two cameras. expected becomes that dgr (see table 1), that a dw

For a quantification of the probability of the occurence of c@mera-system will not allo for a rolust solution of the

ambiguities a poinP centered in object space shall be correspondenpe problem, if the number oféss or the_
considered:X = b,,/2, Z = (Zy; +Z,0)/2, Y = 0 depth range in object space cannot be controlled strictly
. - Mi12 ' - min max ' -

(Figure 2, consideration in epipolar plane without loss of Instead algorithm.s based gn three qr more.cameras rather
than two will be discussed in the folking, which allav a

enerality).
g ) 7 drastical reduction of thexpectable number of ambigui-
Py max ties.
B . . .
R Zmin 2.1 Intersection of epipolar lines
PZ\ A consequent solution of the problem is the use of a third
camera in a setup as shoin Figure 3 with the aim of
N reducing the search space from a line plus tolerance to the
\ intersection of lines plus tolerance.
3
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X ' Figure 3: arrangement of three CCD camerasfor the method of
— — 2 _ X h ; : -
D= _ 2 =_< =2 inter section of epipolar lines

the length of the epipolar search wimdbecomes

This setup can bexploited as sheon in Figure 4:
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o
and with the werage number of ambiguous particles per I ° b

search winde _ o _ _ . _
Figure4: principle of intersection of epipolar lines



Proceeding from a poir®’ in the image; all epipolar
linesg, _, in I, andE, _ 5 in I3 are being devied, on
which candidateR,'’, P,"" andP_." resp.P,'"", P, and

P:""" may be assumed to be found. An unambiguous deter-
mination of the particle image correspondingRo can
neither be found inl, nor in 3. However if all epipolar
lines E(, _ 5, of all candidate®’; in I, are being inter-
sected with the epipolar ling,; _ 5, there will be a lage
probability that only one of the intersection points will be

close at one of the candidates kg (in Figure 4:P.'"). 2.

This consideration has been implemented via a combina-
torics algorithm which tries to find such consistent triplets
in the three datasets and rejects points which are members
of more than one consistent triplet. Such an unambigous
consistent triplet is a necessary andisigint condition for

the establishment of a correct correspondence. A sjmilar
iterative approach can be found ind&rneg, 1991).

This procedure can reduce the probability of ambiguities
drastically but not totally The remaining unsohble, tut
detectable ambiguities can be seperated into three cases:

1. a ‘wrong’ candidate Q'on the epipolar lin&, _ , has
got a corresponding particle image”Qon E, _ 5,
which accidentlydlls onto the epipolar ling; _ 5:

I3

I I

@ ‘corr ect’ candidate @ ‘wrong’ candidate

Figure 5: intersection of epipolar lines - first kind of ambiguity

For a point P centered in object space we get with:

Dblz |:(Zmax - Zmin)

l,=¢C
12 Zmin DZmax
[ =c Db13 |:(Zmax_zmin)
13 Zmin Ezmax
(Eq. 5)
[ =c Db23 |:(Zmax_zmin)
238 Zmin Ezmax
2
41%
3= Ky gnKy 5= sina
and with
20n-1) T E M, AZ i —Zi)
P12 - = 1E2]Z max min , (Eq. 6)
min max

2Lk DZmin Dzmax
c |:b23 Csina |:(Zmax_ Zmi n)

P23 (Eq. 7)

the probabilityP,(1y of this first kind of ambiguities be-
comes

~ _40n-1) &’ b1z

(Eq. 8)

the epipolar lineE, _ ; of a ‘wrong’ candidate Qbn
the epipolar lineE, |, does also hit the ‘correct’ can-
didate P* on E;_ 5, because a candidate’ Qs
placed too close at the ‘correct’ candidate 8 be-
cause a too short base componggthas been chosen:

I3

I I

@ ‘corr ect’ candidate @ ‘wrong’ candidate

Figure 6: intersection of epipolar lines - second kind of ambiguity

With (Eq. 5), (Eg. 6) the probability for this second kind
of ambiguity is

f23

Pacr = P2

_40n-1) by
F [b,5 CBina

(Eq.9)

3. A second candidate Ris found at the intersection of

the epipolar linesg; _ ; and E, _ ; of the ‘correct’
candidate P'/P’- an event which is often correlated
with the occurence of arverlap:

I I

@ ‘corr ect’ candidate @ ‘wrong’ candidate

Figure 7: intersection of epipolar lines - third kind of ambiguity



The probability for this third kind of ambiguity is

_ (n-1) 053 _

b 40n-1) &°
a(3) — E

F Csina

(Eqg. 10)

With (Eq. 8), (Eq. 9) and (Eqg. 10) the probability of an
unsohable ambiguity in the method of intersection of
epipolar lines becomes

Pa = Paay t Pa) * Pagg)

B+

and the gpectable number of remaining ambiguities
becomes

blZ b12|]]]
b23 by

_AQn-1) 1)E£

Eq. 11
- 0O Fsina (Fa. 1)
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An optimum (i.e. a minimum number of remaining ambi-
guities) is achieed with j, = b;3 = by3, which means a
configuration of the three projeati centers in a equilateral
triangle. Other than in a twcamera model the number of

(Eq. 12)

For all possible matches (1-2) a point in object space is
being calculated

c by,
Px

Z = X=Z Y = 0. (Eq. 13)

(9]

Depending on an assumed maximum egrof the parallax
py the thus established point(s) willMeaan error mainly in
depth; this leads to a reduced search spgc&,Zn object
space:

7 _clby,  clby,[Z
* po—e clb,-(ZE)
=2 t§ =z Dzib“‘
3 3 3 max+Zmi|
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47 pote clb,+ZE

b13

W= LG = L

mit (Eq. 14)

which is being imaged into image 3, where the lehgth

ambiguities does not depend on the length of the epipolar®f the search winde becomes

lines (i.e. on the depth range in object space resp. the base- |

length) ag longer In total the number of ambiguities is
being reduced by at leastactor of 10 (seedble 1).

2.2 Collinear arrangement of thiee
cameras

The method of intersection of epipolar lines may be the

most &ident, lut it is not the only wy of eploiting a third
camera. Using a ddrent algorithm one can als@vk with
three cameras which are arranged irag that their projec-
tive centers are lying on a straight line asnshin Figure

8. In this case possible correspondences between the first

and the second imageveato be erified by a propaagion
into the third image.

Zmax

Zmin

-

by,

Figure 8: Proceeding with three collinearly arranged cameras
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(Eq. 15)

This way one receies a short epipolar search area in image
3 for all the candidates in image 2. Kaetly one walid

candidate is found in these search spaces the necessary and

sufficient condition for a correct correspondence is
fulfilled.

A similar proceeding is used by Lotz/Fréschle (1990)y the
suggest a strongly asymmetric arrangement of cameras as
shawvn in Figure 9 to reduce the probability of occurence of
ambiguities.

b b3

Figure 9: asymmetric camera arrangement (Lotz/Fréschle, 1990)



The short base by, guarantees for a small number of ambi-
guities in the establishment of correspondences between
image 1 and 2, while the long base b3 fulfills the require-
ment of good depth accuracy. As shown later (Eq. 19 - 23),
this arrangement can minimize the probability of occurence
of ambiguities but does not take into consideration that
ambiguities can be solved; thus it does not represent an
ideal setup if the total number of unsolvable ambiguitiesis
to be minimized.

Like the method of intersection of epipolar lines this
collinear arrangement has some remaining ambiguities,
which cannot be solved. Two kinds of ambiguities can be
distinguished:

Zmin

l12 l13

b1 -
bi3 l123

Figure 10: length of epipolar line segments for three-camera-setup

1. A point R is accidently imaged in the search area |3
of a‘wrong’ candidate Q" on |45.

With

ok b5 ,
12

=c D(b13 - blz) |:(Zmax - Zmin)

I 123

l.. =
= Zmin [Zmax
one receives
2
40n-1)E [
Pa) = P1o[Ps = 1 ) = (Eq. 16)

F [(by3—byy)

2. A second point Q™' is detected in the search area |53 of
the *correct’ candidate:

20(n-1) [ Oy
Pa) = =

_40n-1)E by,
- F by, '

(Eq. 17)

With (Eq. 17), (Eq. 18) the probability of an unsolvable
ambiguity for this camera arrangement becomes

Pa = Paa) t Pa

_40n-1) E° %,
F Eblz |:(b13 - blz) ’
and the number of remaining unsolvable ambiguitiesis

(Eq. 18)

_40n"-n) E° ol
a F |:blZ E(blS_blZ) )

(Eq. 19)

If n, € and b3 are given by the the number of targets, the
image quality and the requirements of depth accuracy, the
optimum choice of by, can be calculated; for P, — min
the derivative (dP,)/ (0by,) hasto be zero:

1g_
_D_o

2 2
137 blZ) b12

_. AOn-1)E’[by 1
E Rin

=> b, = by3/2 (Eq. 20)

This shows that the ideal camera arrangement of three
collinear cameras is a symmetric arrangement with by, =
bo3 = by3/2. Like the method of intersection of epipolar
lines the length of the epipolar lines does not have an influ-
ence on the number of ambiguities. The efficiency of the
method is amost as good as the method of intersection of
epipolar lines (see Table 1).

2.3 Comparison of the methods

The expectable numbers of remaining ambiguities for the
methods discussed above are compiled in Table 1 for real-
istic assumptions for the number of particles (n), the depth
range in object space (AZ) and the width of the epipolar
search area (g) for a base byj3=200 mm and a camera
constant ¢ = 9 mm:

Table 1. numbers of remaining ambiguities

Number of cameras 2 3 3

arrangement coll. triang.
_________________ e mmmmmmmm—— =
parameters :
n=1000,&£=10pum,AZ=40mm 401 40 35
n=2000,£=10pym,AZ =40mm |, 1605 160 140
n =1000, € =5 pum, AZ = 40 mm : 201 10 9
n=1000, € =10 um,AZ =80mm 802 40 35

]

With two cameras the expectable numbers of unsolvable
(but detectable) ambiguities becomes that large that the
method itself becomes questionable. The geometric
constraint of a third camera leads to a reduction of the
numbers of ambiguities by at |east one order of magnitude.

If the number of remaining ambiguities is still considered
too large, a further reduction is possible in a straightfor-
ward manner by employing a fourth camera and either



arranging the projecté centers in a square (-> intersection measurement with a galar dot pattern projected on a

of epipolar lines) or on a line (-> doublerification of surface of an industrial object which did not shary
possible matches). Such an arrangement will lead to anatural teture (Maas, 1991) it as possible to establish
reduction &ctor of at least 100 and almost press the humbercorrespondences between more than 5000 discrete points
of remaining ambiguities ainst zero. An ension to an per image of 720 x 574 pils.

arbitrary number of cameras is also possibieviall rarely
be necessary

obsenation wlume:
200 x 160 x 50 mrh

U
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° e d —0-0—0—0—> 1300-1400 particles per image detected
950 consistent triplets established
800 particles tracd in object space
Iy .
‘1: ‘l: Figure 12: Example esults (0.5 sec. flw data in a stirred aquarium)
—
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