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1. Introduction

Recently, there have been lots of researches for calibrating a
camera based only on malches of multiple images. They re-
porled algorithms of auto-calibralion for fixed internal camera
paramelers [3, 2, 8] Applymg the techmques of Projective Ge-
cmetry, they showed Lhat it is passible to compule the five in-
ternal camera parameters when they ae fixed lor all the views
‘When camera paramelers are varying [rom image 1o unage, then
under the assumplion that at least one of five internal paramelers
1s known, aulo-calibration is possible[3, 4. 6] All these aulo-
calibration methods requite that the views be laken at different
viewpoints. Thal 1s. translation is not zero

Hartley propased a sell-calibralion algorithm given maiches
of images laken by a rolating camera whose inlernal parame-
ters arc fixed[1] Onc limitauon of the work 15 that the algo-
rithm cannot be apphad when the images ate laken by 2 zooming
ar aulo-focusing camera, which is common m video 1mages al
sports games like soccer or Ametican foothall. In this paper, we
propose a method to aulo-calibrate such a 1elating and zooming
camera so that 3D information gan be extracted lor (ulure analy-
5ia.

2. Self-Calibration is Possible

In this paper we consider a set of Lotaling cameras wilh camera
matrices Py, = K [Ry|0], wherc Ky is the camera calibration
malrix of zera skew defined by

2718 4] L
Ky = Sr
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The parameters in K;, the fnprmsic parameters, 12piesent the
pioperties of the image formation system: i represents focal
length, 7. = cu. /(B Tepresents the aspect rario and (Tr Yr) 15
called the principal point

Nole that given a sel ol images Ty, , Zav taken from the same
locatien by cameras with the calibration matrices K, then there
exist 2D projectve tanslormanons Hy, taking image Zo 10 m-
age T, whose malrices are of the form.

H, = EK.R:E;! (N

where Ry represents the rotation of the k-th camera with respect
1o the -th. Also, the inler-image homography can be computed
from image matches and sausly the relatonstup v, = Hzug
where 1y, and ug arc matching points.

Using the mter-image homogiaphies Hy’s computed frem
image matches. we can find camera malrices Py = KAR;\
ko= 0,.., N, that satsfy the relauonsip Hy = P;PO =
KiR Ky ! Nouce that gmiven one such scquence of camera
mateices Py, k = 0, ..., N, P,Q may be also a posnible choice
of camera malrices, where @ is a nonamngular 3 x 3 matrix.
because they also produce the same wtcr-image homographies
Now we need a lemma to go further [4. 6]

Lemma 1 A camera matrix P = KR = [pl Pz p3] " rep-

resents a zero-skew camera if and only iff
4] ¥4

(p1 *pe) (Pzxpa)=10 (2)

Duc to this lemma, the prajective ransformation Qg.a can not
be arbitrary becausc every camera malrix should sansly the con-
straint equation (2},
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Now 1t remains to show that given a sequence of camera matri-
ces Py, & = 1,..., N. which 1) solves the inter-image Lransfor-
mation problem and 2) represents zero-skew camceras, then Lhe
only possible transformations Qg5 that preserve the 7ero-skew
camera condition (equation (2)) are the orthogonal ransforma-
tions,

Denote by Mp the mamfold of all 3 % 3 camera matrices
defined up to scale. Denole by M5 the manifold of all camera
matrices thal represent zero-skew camcras  Denote the group
of all projective transformations, represented by 3 x 5 matrices,
by Gp, Finaily. denate by G, the group of transformations that
preserve the properly tn Lemma 1, and the group of orthogonal
transformations by Gg:

GZS - {Q S gP|(P [ Mzs) = PQ IS} «Mzs}
Go={AQIQQ" =10+ AR}

It 15 clear that the group of orthogonal transformations 18 con-
taned in Gy, IF G,y = Go then 1L 18 possable to calibrate cameras
uniquely up to orthogonal transformation,

Theorem 1 Let G, denote Hie class of transformations that pre-
serve the zero-skew camera condition and Go the group of or-
thogonal transfarmations. Then

GZh = gO-

Proof: It 1s clear that Gg C Gy Now we show Lhat Gg 2 Gas.
Assume that P represents a zeto-skew camera, (@ a projective
transiormation in &, Then, [rom the definuon. PQ = KRQ
can be re-written in the form of K'R’ where K’ is a zero-skew
calibration matrix and R/ 15 an orthegonal matix  Also UQWV
has this property [or every paw of orthogonal matrices U and 'V,
sInce

KRUQV =KR"'QV =K'R"V =K'R/

where R and R denote orthogonal matrices. Now, using sin-
gular value decormposition of € we may wrile

di
D=UQV = da

dy

Suppose lhat the 1olation matrix B is given hy & degree rolation
aboul z-axis and by ¢ degrees about y-axis (nele (that the rotation
R. 15 arbitrary)

cosg O —sing| |1 0 0
R = 0 1 0 0 «cosf? sin#
singg 0 cosg 0 —sinf rcos8d
cos¢g  sinfsing ~rcosfsing
=| 0 cos ¢ sin @ ,
singg —sinflcosg cosfcasg
we have

dicos¢ dasinfsing —dzcosfsing

RD = 0 da OS¢ dy sine
dising —dasinfcosg dycosfcose

Now, according to Lemma 1. RID = [ry, vz, t3]7 15 a zero-skew
calibration matrix if and only of (v, % r3) - {ra x T2} = 0. Afier
some calculation we have

[0, —d1ds cos @, —ch da s1n 4"

T ®ry =
Iy X Iy

[dad cos ¢, dids sin @ sin ¢, —d) d» cos & sin ¢]*

and

(I"[ * 1'3) - (I‘g * ].'3)

Il

—d?d2 cos B sin @ sin ¢ + i i coa @ sin @ sin @
d? cos@sin @ sin o —d3 + o)
=10

1

That1s. BRI} 15 a rero-skew calibiaton matrix 1f and only 1F dy =
dg. Permulation of the singular values yields dy = ds = g
Thus, all singular values of Q are equal, which means that Q 15
an orthegonal matix |

3. Estimation Method

From the equaton (1), we have H, KoKTHT = K, K. and 1f
we know the puneipal points (27, ys ), other calibration parame-
ters (e, Ap ) con be computed using a lincar equations. In other
words, lhe scale paamelers (o, ;) may be parameterized by
the principal poinls. and given principal pomts the scale param-
cters are linearly computed Now we define & nonlinear crror
function (o find the optimal calibration parameters including the
principal peints Usmg the relatonship

K 'H,K
R, = — A2 (3)
det(K, H; K,)s
we minimize the (ollowing error funcuon
N 2 2
£ o= 3 (IRRE Lo+ [RER T3]
L=l

Netice that £ 15 a luncliion of principal points  Sice the puin-
cipal pomts are around wnage center, a scarch window may be
chasen around the 1mage center. and the algorithm propased is:

I. Set principal pomty ), 4+ & and yp +— g, for k =
0,..N

2, Compule oy, and &, for k=0, ... N

3 Compule the error & defined by equation (4).

4, if B 15 smaller than the previous one, record the cahibra-
t1on patameless

5. repeat | — 4 fow searclung arca

6 The aptimal calibratton parameters ae the recorded
ones,

4. Experiments

Here, we show tesults of our algonithm usimg lwo views. As-
suming thal the aspect ratie 15 1 and the principal powmts are
fixed, anto-calibiation can be done using only lwo views. Table
I shows the calibration result of 100 runs with 2 image matches

406
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Noise level {z wn preel) Fo fi u v e | Ty T2
4] 1000 1100 330 230 10° 10° a°

0.5 {mean) 1001.4 | 1101.7 1 3286 | 2283 | 996 299 1 -0,01

() 15.0 164 3.0 95 022 0.19 0.07

0.7 (mean) 997 2 1097.0 } 331.7 | 231.6 | 10,05 | 1001 | -0.02

(o} 219 23.8 124 130 0.28 0.25 0,08

1.0 (mean) 1005.1 | 110635 | 3303 | 2290 995 10.06 | -G 01

(o) 44.7 49.5 19.3 22.8 0.43 0.40 0.1

F 1: Compulatoen results afler 100 runs al each noise level. Rotation angles are 10°, 10° and 0° about z-axis, y-axis and z-axis,
respeclively. Abaut one hundred matching points are used m the computation of the hemography.

for various image noise. Since the noise is added 1o each of -
age coordinates, the actual RMS ertor is /2 times the indicated
value ¢ Note thal the principal point 15 the most sensilive 1o
inpul image nowse. On Lhe conbiary, 1olatien angles are less sen-
sitive Lo inpul noise

Figure | shows two video [rames of a soccer game MNo-
hice that there arc scale change due o zooming as well as
rotation, Inter-image homography is estimated by dircct 1l-
crative erot minumizauon method [7] where initial param-
eters ae oblained using malches of lwnes and points, and
the calibration resull 1s.  fp 1145.9. f 376.5 and
{z,y) = (324.5,1815). Compuled rotation angles for the
thiee axes are (—3.78%, —10 277, -0 57°).

5. Conclusion

We showed that auto-calibration of a rotaling and zcoming cam-
era withoul 30 pattern 1s unique up 1o orthogonal rans{ormation
and implemenied and tested the algorithm {or synthetic and real
data  This algorithm is imporiant for the applications like 3D
reasonmg [rom monocular rolating camern in sports games or
video re-generation of a scene based on image mosaic

2IEA

[1] Rachard T Hartley. Self-calibration of stauonary cameras.
International Jeutnat of Computer Vision, 22(1}, 1997,

[2] Anders Hevden and Kalle Astuism, Euclidean reconstruction
from constanl inlrinsic parameters. In Proe ICPR'96. pages

339-343, 1996.

Anders Hevden and Kalle Astrom. Euclidean reconstiuc-
Lion from 1mage sequences with varying and unknown focal
length and primeipal point. In Proe, CVPR'O7, 1997

Anders Heyden and Kalle Astrom  Minimal conditions on
intrinsic paramelers for euclidean reconstruction. In Proc.
Asicn Conference on Camputer Viston, Hong Kong. 1998

—
n
—

Slephen ] Maybank and Olivier D, Faugeras. A theory ol
self-calibiation of a moving camera, faternational Jounal
of Camputer Vision, 8(2):123-151, 1992

6

—

Mare Pollefeys and Luc Van Gool Self-calibration and met-
tic recanstruclion n spite ol varymg and unknown nlernal
camera parameters in Pioc. fnr Conf on Compier Vision,
1998

407

(Zo)

% | Two mages sampled from a real video of a soccer game.
Using the homography compuled, Lhe mosaic 1mage 1$ obtained
The tesull 1s basically needed 1n estimatng 3D locus of the hall
or 10 virlual view synthesis

[7] Richard Szeliski and Sing Bing Kang Direct methads for vi-
sual scene reconstruction In IEEE Computer Seciety Work-
shop Representatian of Viswal Scenes, 1993,

[81 B Triggs. Autocalibration and the absolute quadrie. In Proc.
CYPR'97. 1997,



