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Abstract. This paper presents a method for tracking multiple objects
using multiple cameras that integrates spatial position, shape and color
information to track object blobs. Given three known points on the
ground, camera calibration is computed by solving a set of quaternion-
based nonlinear functions rather than solving approximated linear func-
tions. By using a quaternion-based method, we can avoid the singularity
problem. Our method focuses on establishing correspondence between
objects and templates as the objects come into view. We fuse the data
from individual cameras using an Extended Kalman Filter (EKF) to re-
solve object occlusion. Results based on calibration via Tsai’s method
as well as our method are presented. Our results show that integrating
simple features makes the tracking effective, and that EKF improves the
tracking accuracy when long term or temporary occlusion occurs.

1 Introduction and Previous Work

The efficient tracking of multiple objects is a challenging and important task
in computer vision, with applications in surveillance, video communication and
human-computer interaction. Many factors such as lighting, weather, unexpected
intruders or occlusion may affect the efficiency of tracking in an outdoor envi-
ronment. One solution is to use multiple cameras [1-3].

In our previous paper [4], we presented a single camera module for tracking
moving objects in an outdoor environment and classifying them into three cat-
egories: single person, people group or vehicle. Our method integrates motion,
spatial position, shape and color information to track object blobs. Although we
were encouraged by the results of our single camera tracker, several unresolved
problems remain, mainly due to object occlusion.

* This work was partially supported by grant No. 2000-2-30400-011-1 from the Korea
Science and Engineering Foundation. We thank Ms. Debi Prather for proofreading.

A. Yazici and C. Sener (Eds.): ISCIS 2003, LNCS 2869, pp. 430-438, 2003.
© Springer-Verlag Berlin Heidelberg 2003


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 594.962 841.96 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 2400 dpi
     Downsampling für Bilder über: 24000 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments true
     /DoThumbnails false
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize false
     /ParseDSCCommentsForDocInfo true
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue true
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.3
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends true
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo true
     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /LeaveColorUnchanged
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 300
     /EndPage -1
     /AutoPositionEPSFiles true
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 10.0
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 2400
     /AutoFilterGrayImages true
     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 300
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 2400 2400 ]
>> setpagedevice


Quaternion-Based Tracking of Multiple Objects in Synchronized Videos 431

object center position in camera #1

Single Camera | object center

Tracking Module #1 Extended Real
- Kalman World
Initialization Single Camera Filter Position

Module #2 object center

object center position in camera #2

Fig. 1. Architecture of the proposed system using multiple cameras.

In this paper, we address the issue of 3D object trajectory [5]. The contri-
butions of our paper are (1) data fusion from two cameras’ observations using a
simple Kalman filter(an approach that has not been explored in computer vision)
and (2) a three point based camera calibration method that is developed and
compared to Tsai’s calibration method. Our tracking objective is to establish a
correspondence between the image structures of consecutive frames over time to
form persistent object trajectories. We focus on developing a methodology for
tracking multiple objects in the view of two different fixed cameras, whose trans-
formation matrix and focal length are estimated from coplanar control points.
Real-world coordinates are used for multiple camera tracking. (Our single camera
system [4] used 2D image coordinates.) We apply an Extended Kalman Filter to
fuse the separate observations from the two cameras into a position and velocity
in real world coordinates. If the target object becomes occluded from the view of
one camera, our tracker switches to the other camera’s observation. Tracking is
initialized by solving a constrained linear least squares problem. The constraint
is that a moving object in the real world always has some height. It helps us
to remove the shadow on the ground plane, whose height is zero. The Kalman
filter has been used in multi-sensor data fusion [6, 7]. Usually, the Kalman filter
is applied to each sensor’s data [8] or to combined data with additional logic
[9]. We use the Kalman filter to fuse data based on the assumption that there
is a mathematical relationship between the target object’s image positions in
the two synchronized cameras. Measurements from two synchronized cameras
provide enough information to estimate the state variables of the system, the
position and velocity in real world coordinates. Figure 1 shows the architecture
of our proposed multiple camera system.

2 Multiple Camera Tracking

This section focuses on developing a methodology for tracking objects in the view
of two fixed cameras. Compared to Tsai’s five-point calibration method[10], we
use only three planar control points. The theory is based on an image homog-
raphy, the transformation from one plane to another. We consider the tracking
problem as a dynamic target tracked by two cameras, each with different mea-
surement dynamics and noise characteristics. We combine the multiple cameras
to obtain a joint tracking that handles occlusion better than single camera-based



432 Q. Zhou, J. Park, and J.K. Aggarwal

tracking. We fuse the individual camera observations to obtain combined mea-
surements and then use a Kalman filter to obtain a final state estimate based on
the fused measurements. Measurements are fused by increasing the dimension of
the observation vector of the Kalman filter, based on the assumption that there
is a mathematical relationship between the positions of an object in each camera
view. Since the relationship is nonlinear, an Extended Kalman Filter is used to
estimate the state vector.

2.1 Quaternion and Its Expansion to Translation

A quaternion needs four variables to represent a single rotation or orientation,
which has 3 DOFs(degrees of freedom). Euler angles sometimes create problems
such as the Gimbal lock problem, where we lose one degree of freedom and may
get an infinite number of solutions, leading to singularity. But we avoid this by
using a quaternion. A quaternion is also computationally faster since it does not
require the computation of trigonometric equations. Because a quaternion can
represent only rotation, we have extended the quaternion by adding a translation
step[11]. The quaternion is defined by ¢ = (cos g,ﬁsin g) = (w,pi + qj + k),

where 7 represent axis of rotation, @ rotation angle around 7, and cos ¢ = w

2
represents the real part of a quaternion, while ﬁsing = pi + qj + rk repre-
sents the imaginary part of a quaternion. We denote v to be a v vector. Let h
be an extension of the quaternion, h = (w,p,q,r, 2,9y, z). The rotational part,
(w,p,q,7) where w? 4+ p? 4+ ¢> + 12 = 1, is the same as that of a quaternion.
The translational part is (x, y, z). Multiplication of two extended-quaternions is

defined as follows.

hi % ho = (w1, v1,t1) * (w2, v2,t2)

% — V1 - 171)52 + 2171(171 . EQ) + 211]1(’(71 X Lrg) + 2?1) (1)

2.2 Camera Calibration with Three Known Planar Points

Let us assume we know three planar points @, b, and 4, where @ = [a, a, a,]7
etc. without any camera distortion. These points are represented in world coor-
dinates and the same notation for these points is Wa,"'b, and W@, respectively.
Because we need to handle coordinate transformations, we denote W as world
coordinate, C7 and Cy (for short, C) as coordinates of camera #1 and #2, re-
spectively. gVT is a homogeneous transformation matrix that transforms data
represented in C coordinate to corresponding data in W coordinate. Let the
three input points be Wa,"'b, and W, represented in real world coordinate,
W. Let I; and I (for short, I) denote the 2D image coordinates of camera
#1 and #2, respectively. Input points in image coordinates that are projected
points of three real world points are ‘a, Iay, Tby, Iby, Tug and Iuy. The un-
knowns are transformation matrices between W and C; (where ¢, i = 1,2, is the
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camera index) coordinates, and focal length, f;. In order to convert points repre-
sented in world coordinates to camera #1 coordinates, we compute the following
equations. h; = (w1, p1,q1,71, %1, Y1, 21) i camera #1 coordinate’s quaternion-
based representation in W. (w1, p1,q1,71) is camera orientation representation in
quaternion, while (x1,y1,21) is camera #1 coordinate origin represented in W.
We solve these equations for each camera transformation. The following equa-
tions are scalar components of the translational vector part of equation 1.

Ri=wixwi —pr*pr —qusq —ri*ri,
hi = (w1,p1,q1,71,%1, Y1, 21)
Dax = (RixWas+ 2.5 (prxVae + g+ Vay +rxMaz) xpy
+2. 5wy % (g1 x Vaz —r1x ¥ ay)+ 1)
oy = (Ri*xVay+2. % (prxVae+qxVay+r1xVa)xq
+2. 5wy % (r1 % Vag —p1x Vaz) 4+ y1)
“ag=—Ri*Va.+2.x(pr*Vas+qxVay, +rixVa.)xr (2)

+2. % wy * (p1 * Way —q1 * Wax) + z1)

Similarly we can compute for “1bx, by, “1by, “ruyx, “1uy, and “uy. Then

. . . C1gq
corresponding points on camera image #1 are computed as llax = Claz fi,
I _ I I I _

tay = Clazfl 5 by = Clb fl ’ thy = Clb fl , tux = ,Cluzfl s and
Cq .
Ly = _Cluy f1 as well as w? + p? + ¢? +r? = 1. There are seven equations

to be solved. Our eight unknowns are ws, p1, q1, 71, 1, Y1, 21, and f;. While
moving the origin of camera coordinate along the gaze vector, we can get an
infinite proper combination of x1, y1, 21, f1, satisfying the projection. For the
numerical solution, we fix f; values and solve a set of nonlinear equations with
seven equations and seven unknowns. Given a fourth known planar point, the
final set of solutions was selected among the infinite set of possible solutions such
that it gives minimum calibration error.

In order to determine the mathematical relationship between the obser-
vations from two different views, we calibrate the two cameras using three
coplanar control points as explained above After the calibration, we know the
homogeneous transformation ngT_l T,w ¢, I~ =8, focal length, fi = fr and
fo = fs. If a point (z, y, z) on a plane in the real world is projected on both
cameras, a pixel of the k-th image from camera #1 is denoted as (Qizk, Q1y.k);
while a pixel of the k-th image from camera #2 is denoted as (Qaz k, Q2y.k)-

2.3 Extended Kalman Filter (EKF)

Knowing the cameras’ calibration, we are able to merge the object’s tracking
from two different views into a real world coordinate view. The 3D tracking data
is the state vector, which cannot be measured directly. The object’s positions in
two camera views are the measurement . We assume a constant velocity between
two consecutive frames.
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The dynamic equation related to the state vector X}, is described as follows,
Xpr1 = Pp Xy + Wy (3)

where Xy, = [r y z @ 9 2|7 is the spatial position and velocity in real world
coordinates; W, is a white noise with known covariance structure, E(Wy,, W;) =
Ry6) j, t represents time, and

100At 0 O

010 0 At O

001 0 0 At]. .. .
b = 0001 0 0 is the transition matrix.

0000 1 O

0000 0 1

We derive the observation equation from the object’s positions in two camera
views. Let (Q1z %, Q1y,k) and (Q2z k, Q2y.%) be the corresponding image positions
of object Q in two camera views. The observation vector

71 = [Qua g, Quy. ke, Qau k)T = hae(Xi) + Vi (4)

where Vj, is a white noise with known covariance structure E(Vj, V;) = Qo
and E(Vy,V;) = 0, hiis a non-linear function relating the state vector Xj, to the
measurement 2.

The dynamic equation is linear but the measurement equation is nonlinear,
so the EKF is used to estimate the state vector Xj. Expanding in a Taylor series
and neglecting higher order terms,

Z = hi(Xn) + Vie = hie(Xgppm1) + Hy(Xi — Xppo1) + Vi
:H];Xk""vk'i‘hk(Xk\k_l)_H];quk_l (5)

where H ,;is the Jacobian matrix of partial derivations of hy(X}j) with respect to
Xk, Xkjk—1 means the estimation of X}, from the Xj_;.

5@1; k aQu k 5Q1x k aQu k aQu k 8Q11 K

H, = Ohg _ 6Qm 8Q1M GQM BQW BQW anyk ()
90X 90 OO e DG DO . 9O
ox oy Oz o oy 0z

2.4 Tracking Initialization

Tracking initialization is a process of labeling a new object in one camera. If
this new object has a correspondence in the other camera, it should be assigned
the same tag number. The reason behind tracking initialization is that when we
recover 3D coordinates of an object by computing Q14,x, Q1y,r and Qaz x, and
project the estimated (x,y, z) using the transformation matrix computed using
camera calibration, the estimated (), should be near the observed @, . We



Quaternion-Based Tracking of Multiple Objects in Synchronized Videos 435

Fig. 2. Two input video streams.

initialized tracking by solving a constrained linear least squares problem, which
is described as follows:

min  ||GY — D||3 such that z > 2o
Y
where Y = [z y 2]”

Tufr — QiaTiz Torfr — QiaTes Tsifr — QiaT33

Tiofr — QiyTis Toofr — QuyTas Taafr — QiyTIss

S11fs — Q22513 So1fs — Q22523 S31fs — Q22533

S12fs — Q24513 Saafs — Qa2yS2s  Ssz2fs — Q24533

D= [Q1zT43 —Tufr QuyTas —Taofr Q20513 — Saifs Qa2ySas — S42fs]T-

G =

We add the constraint z > zy since a moving object in the real world always
has some height. This helps us to remove the shadow on the ground plane,
whose height is zero. We regard the object @)1 in camera #1 and the object
(2 in camera #2 as the same object Q if the sum from the above optimization
problem is the minimum of all possible combinations.

3 Experiments in Multiple Camera Tracking

We use the data sets provided by the PETS2001 and other videos to evaluate
the proposed tracking system. Figs. 2-3 give multiple camera examples. In Fig.
2, the first row frames are from camera #1 and the second row frames are from
camera #2. In column (a), the van is still. Column (b) shows a new candidate
template is created when the van’s movement is detected by camera #2. (The
van’s motion is not detected by camera #1 because the motion is too small.) The
frames in column (c) show the point at which the candidate template becomes
a true template and tracking begins for both cameras. The van in Fig. 2(a)
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Trajectory in Camera | Trajectory in Camera Il

- observation from Camera |
250] —— estimation from EKF(our method) 250]
estimation from EKF (Tsai} [T,

200 200

150 150
+ observation from Camera ||
—— estimation from EKF{our method)

100 \\’\\ 100
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50 00 i 20 250 00 0 50 00 i 20 250 00 0
5 5

(a)Trajectory of the two people in Fig. 2.

———————— e e

Trajectory in Camera | Trajectory in Camera Il

- observation from Camera |
—— estimation from EKF(our method)
estimation from EKF (Tsai)

&) &) - observation from Camera Il
—— estfimation from EKF{our method)
estimation from EKF (Tsai)
50 100 iEd 200 25 0 0 50 100 150 200 25 0 0
x x

(b)Trajectory of the car.

Fig. 3. Trajectory of the two people and a car.

stays still for a long time; hence, it is merged into the background. It suddenly
starts in the next frame. A 15-frame median filter updates the background, and a
candidate new template is created, as shown by the rectangular blob in Fig. 2(b).
This new candidate lasts more than three successive frames and thus begins to
be tracked as a moving object in both camera as is seen in Fig. 2(c). When the
object moves out of the overlapping views of cameras #1 and #2, it is tracked
by the single camera module.

Fig. 3(a)-(b) shows two trajectory examples. The dots are the observations
in each camera and the lines are estimates from the EKF using Tsai’s 5-point
calibration method and our 3-point method. In Fig. 3(a), the projections from
the real world trajectory estimated by EKF fit the observations from the two
cameras pretty well. It can be seen that our three point based method is better
than Tsai’s five point based method. In Fig. 3(b), there is some divergence
between the projections and the observations. The divergence comes from the
complex trajectory of the car. In this case Tsai’s method gives better results
than our method.
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Our experiments demonstrate that the overall performance of multiple cam-
era tracking is better than that of a single camera, especially when occlusion
occurs. The EKF works well with most temporary occlusions, and the tracking
initialization process can deal with long-term occlusion of say, more than 100
frames. Using multiple cameras, we can track the bicyclist in data set #2, which
is occluded for a long time by the tree in camera #1 and thus would be difficult
to track using only that camera. More accurate camera calibration will reduce
the tracking error at the cost of having a more complex observation equation in
the EKF. Multiple camera tracking relies on the objects remaining in two cam-
era views most of time. When the target object moves out of the field of view of
one camera permanently, the tracking returns to the single camera model.

4 Conclusions

In this paper, we have presented a system for tracking using synchronized multi-
ple cameras in an outdoor environment. We combine spatial position, shape and
color to achieve good performance in tracking people and vehicles. Our three
point based calibration method is comparable to Tsai’s five point based method.
The Extended Kalman Filter fuses data from multiple cameras and performs
quite well with occlusion. However, EKF may not work as well when long-term
occlusion happens in both camera views. Based on our success of tracking multi-
ple objects across multiple video streams, the reported research may be extended
to recognizing moving object activities in multiple perspectives.
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