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METHOD AND APPARATUS FOR STEREO, MULTI-CAMERA TRACKING AND
RF AND VIDEO TRACK FUSION |

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
60/592,206 filed on July 28, 2004, which is herein incorporated by reference.

GOVERNMENT RIGHTS IN THIS INVENTION

[0002] This invention was made with U.S. government support under 6ontract
numbers N61339-03-C-0122 and NMA401-02-9-2001-0023. The U.S. government

has certain rights in this invention.

BACKGROUND OF THE INVENTION
Field of the Invention

[0003] The invention relates generally to video systems and computer systems.
More specifically, the invention relates to multi-camera tracking and radio frequency

(RF) and video track fusion.

Description of the Related Art

[o004]1 Many important applications, such as visual surveillance, intelligent living
environments, and human behavior analysis require locating moving objects and
d»etermining their identities in a physical environment. The advances in computer
vision and sensor technology have resulted in sensors that provide related
‘inforrhation. For example, video-based trackers report 2D or 3D object positions,
radio frequency identification (RFID) and localization systems report 3D object
positions, biometric sensors report identities of the objects (e.g., humans).
However, a single sensor usually has a limited coverage and provides limited

information.

fooos] Fusion of heterogeneous sensors is needed to present all the information in a

compact and coherent way, both to human users and to automatic processing
1
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modules. There is a need for a system that fuses multiple sensors to enable
continuous tracking of people and their identities over a wide area. This would be

much more powerful than the information available from a single sensor.

SUMMARY OF THE DISCLOSURE

[0006] - Various deficiencies of the prior art are addressed by various exemplary
embodiments of the present invention of a method and apparatus for stereo, multi-

camera tracking and RF and video track fusion.

[0007] One embodirnent is a method for tracking an object. A number of camera
trackers receive camera video streams from a plurality of cameras. The camera
trackers provide camera video tracks. One or more radio frequency identification
(RFID) and localization system(s) provide RF tracks and RF identities. A fusion
module selectively fuses the camera video tracks with the RF tracks to generate
fused tracks. The fusion module associates the fused tracks with the RF identities.
A visualization display displays the fused tracks and the RF identities and provides
access to time-synchronized camera videos. Another embodiment is a computer

readable medium having stored thereon instructions for performing this method.

[0008] Another embodiment is a system for tracking an object, including a number of
camera trackers, one or more radio frequency identification (RFID) and localization
system(s), a fusion module, and a visualization display. The camera trackers
receive camera video streams from cameras and provide camera video tracks. The
RFID and localization system provides RF tracks and RF identities. The fusion
module selectively fuses the camera video tracks with the RF tracks to generate
fused tracks and associates the fused tracks with the RF identities. The
visualization display displays the fused tracks and the RF identities and provides

time-synchronized access to the camera videos.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The teachings of the present invention can be readily understood by
Considering the following detailed description in conjunction with the accompanying

drawings, in which:
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[0010] Figure 1 is a flow chart illustrating an exemplary fusion of different types of

Sensors;
[0011] Figure 2 is a block diagram illustrating an exemplary fusion system;
[0012] Figure 3 is an illustration of an exemplary monocular single camera tracker;

[0013] Figure 4 is an illustration of an exemplary process for 3D reconstruction of

objects;

[0014] Figure 5 is an illustration of an exemplary process for ground-based stereo

tracking;

[0015] Figure 6 is an illustration of a multi-camera tracking concept;

[0016] Figure 7 is a flow chart illustrating an exemplary process of tracking;

[0017] Figure 8 is an illustration of exemplary tracking video;

[0018] Figures 9 and 10 are illustrations of exemplary multi-camera tracking video;

[0019] Figure 11 is an illustration of an exemplary process of matching feature

trajectories; and

[0020] Figure 12 is a flow chart illustrating an exemplary process of track fusion

using Kalman filtering.

[0021] To facilitate understanding, identical reference numerals have been used,

where possible, to designate identical elements that are common to the figures.

DETAILED DESCRIPTION

{0022] Figure 1 illustrates an exemplary fusion of different types of sensors.
Exemplary embodiments of the present invention provide fusion of different types of
sensors and enable many interesting capabilities. For example, fusion. may be
performed using video sensors 100, RFID sensors 102, and biometric sensors 104.
" Video-video fusion extends the effective coverage of a single camera. Video-video

fusion reports a single global track for a human moving in an area covered by a
3
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network of cameras. Video-video fusion enables analyzing the interesting behavior
of a human in a larger spatial and temporal domain than possible in the past. Video-
RF fusion is an advance over RF tracks alone, which only provide gross location
information. When an RF track is fused with one or multiple video tracks, the video
tracks provide detailed visual information. With video-RF fusion, a selective video-
| based alarm ignores the alarms by certain RFID tag wearers with special
authorization. RFID fills in the video sensor gaps without losing the identities of the
humans. Video-biometric fusion is fusing biometric sensor reports with video tracks
so that the identities of the entire video tracks are available. The identities'are
carried by the video tracks as the human moves in the covered area (e.g., a wide
area for video-video fusion). In this way, the biometric information is available not
only at the instants of identification, but at all times. Biometric-RF fusion enables

detection of events such as a stolen RFID tag.

[0023] Exemplary embodiments include a unified approach, a fusion technique, a
space-tifne constraint, a methodology, and system architecture. The unified
approach is to fuse the outputs of monocular and stereo video trackers, RFID and
localization Systems and biometric identification systems. A fusion technique is
provided that is based on the transformation of the sensory information from
heterogeneous sources into a common coordinate system with rigorous
uncertainties analysis to account for various sensor noises and ambiguities. The
space-time constraint is used to fuse different sensor using the location and velocity
information. Advantages include the ability to continuously track multiple humans
with their identities in a large area. The methodology is general so that other
sensors can be incorporated into the system. The system architecture is provided

for the underlying real-time processing of the sensors.
Sensors

[0024] Figure 2 illustrates an exemplary fusion system in which sensor processing is
performed on different platforms that communicate to a fusion module via Ethemet. -
Exemplary embodiments use various sensors, such as monocular camera trackers
200, stereo camera trackers 202, RFID and localization systems 204, iris '

identification systems 206, and face identification systems 208.
4
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[0025] In an exemplary embodiment of the system, room A is equipped with four
monocular cameras and room B with two stereo cameras. Also, an RFID and
localization system is installed in each room. An iris identification sensor is placed in
room B and a face identification sensor is placed in room A. In another exemplary
embodiment, 12 stereo cameras are installed. One embodiment has two monocular
trackers running on a personal computer (PC) and has one stereo tracker running
on another PC. RF receivers are connected to their hubs. The iris sensoris
connected to its processing PC. The face sensor is connected to its processing
PCs. Allthe PCs are time-synchronized using a network service. All of the PCs
export results through Ethernet connections using network protocols to the receivers
on the PC that performs the fusion. The exemplary system aiso includes both video
and track databases by which the user may see live or replayed video and track and

perform queries.

[0026] In one exemplary embodiment, the system continuously tracks humans in the
covered area between two rooms. The system is able to hand off an object between
a mixture of étereo and monocular cameras. (See Figure 6.) The number of
cameras and their locations are transparent to the system user. It appeérs as if
there was only one single sensor that covers the entire area. The fusion is more
accurate where the uncenrtainties of the ground measurements are small. In both
rooms, the handoff accuracy is better in the center of the room than at the far ends.
To ensure fusion performance, the cameras are placed so that the ground
uncertainty is bounded by some threshold at the overlapped areas of two adjacent

cameras.

[0027] In this exemplary embodiment, the video tracks of a person wearing an RFID
tag are fused with his RF tracks. The RF localization system is able to bridge the

- gap of video cameras that do not overlap so that the area has continuous coverage.
When fusing with RF tracks, video tracks are associated despite any gap. When a
person performs a biometric identification, the future video tracks as well as previous
video tracks associated with the person are labeled with the identity of the person
(e.g., name). By video-video fusion, the identity of the person is carried into the

‘coverage of the other cameras within the network.

5
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[0028]) A monocular video sensor detects moving objects using change detection.
The change detection is performed on images filtered by Laplacian kernels instead
of raw intensity images. This approach is insensitive to the illumination changes
(both global illumination change and object shadows) while being sensitive to
moving objects. Image analysis is performed on the moving foreground to detect
objects of interest based on their shape (e.g., a human) and motion (e.g., consistent
motion, instead of random motion such as tree leaves swaying in the wind). Once
objects are detected, they are tracked using a layer-based multi-object tracker. The
layer-based tracker avoids the joint object state space when there are multiple
overlapping objects by introducing the concept of ownership (i.e., which object (or
background) does a pixel belong to). The object ownership and its position are
estimated iteratively through an expectation and maximization (EM) algorithm. The
layer-tracking framework also integrates multiple cues (e.g., appearance, shape,
and motion) of an object. The monocular video tracker outputs the location (e.g., a
bounding box and the location of the head) of each human object in its view.

Cameras are calibrated with respect to the world coordinate system.

[0029] A pair of stereo cameras is used to compute the scene depth. Depth
information is complementary to the appearance information from a monocular
camera. The depth information relates well to the structure of the physical world.
The foreground pixels are extracted by joint appearance and depth based change
detection. The foreground pixels are converted into 3D points and are further
segmented into multiple humans using a plan-view based segmehtation approach.
The system advantageously segments multiple people moving closely in a group,
while discarding any illumination or non-physical changes. The detected humans
are tracked using a layer-based tracker with augmented object state for the depth.
The depth information is used to discriminate the objects that are far away from
each other in 3D but close to each other in the image due to camera projection. In
addition to the outputs as in the monocular tracker, the stereo tracker outputs the

location of each object on the ground plane.

f0o030] An exemplary RF tracking system provides around half meter accuracy in

- places where an RFID tag is seen by three or more receivers. The RFID and

6
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localization system supports a frame rate of up to 15Hz. ‘At each frame, the x-y
location (in an RFID local coordinate system that is aligned with the ground) is
reported for each track in the covered area. There are three types of reports:
presence, 2D point, and 3D point, which correspond to the cases where a tag is
seen by a single receiver, two receivers, and three or more receivers, respectively.
Preferably, only 3D points are used to provide accurate localization. The locations
of a tag are further filtered by a Kalman filter for noise reduction. A constant velocity
dynamic model is used and the velocity of the tag is estimated in addition to its

position. Most random noises are eliminated without introducing noticeable delay.

[0031] Two types of biometric sensors are used in an exemplary system. The first
type is based on iris identification. This first type is a standard biometric sensor that
requires the subject to stand still within a distance range in front of the sensdr and
look into a mirror on the sensor in order to be identified. The iris sensor, upon
successfully identifying a registered person, sends out information including the
person’s identity (i.e., enrolled name), a time stamp of the ide:/’r)tification, and the ID
of the sensor. The sensor’s location is known in the overall system. The
identification process typically takes a few seconds. The second type is based on
face recognition in intensity images. The sécond type is an on-the-move system
where the subject does not need to stop for identification. The face sensor
continuously captures images, detects if there are faces in the i |mage and identifies
the person if a face is fond in the image. The face sensor, upon successfully
identifying a registered person, sends out information including_)he\ person’s identity
(i.e., enrolled name), the location of the face in the captured im‘ége‘ the time stamp
of the image frame that was used for identification, and the ID of the sensor. The
camera used in the face identification system is calibrated wnth respect to the world

coordinate system.
Mapping to a Common Coordinate System

[0032] Heterogeneous sensors extract different types of information. In order to fuse
them, there is a need to find a common feature with which different sensor reports
can be compared against each other. Exemplary embodiments use a space-time

feature in which the space is defined on the ground plane of the world coordinate
7
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system. The basic idea is that if reports from different sensors belong to the same
object, their states (i.e., location) and dynamic (i.e., velocity) spatial properties
should match each other. The architecture of transforming inputs into a common
coordinate system avoids pair-wise calibration, therefore adding and removing

sensors becomes easier. The object observation from any sensor at time t is

transformed into an observation on the ground plane, denoted as x, =[x,,y,]' . Due

to limited sensor accuracy énd the ambiguity in the transformation, the uncertainty of
the ground observations from different sensors or even the same sensor could be
high and inhomogeneous. In order to minimize the ambiguity in fusion, uncertainty
analysis is performed. A ground observation is treated as a Gaussian random

variable that encodes both the mean and the covariance N(x,X). Exemplary

embodiments include methods for transforming direct measurements and
uncertainties from individual sensor in their original forms into the measurements

and their uncenrtainties on the ground plane.
Monocular Camera

[0033] Monocular camera trackers report object position in the image coordinate
system. There is a need to transform it into a world position. There is an inherent
ambiguity going from an image position to a world position. However, the ambiguity
is reduced by the knowledge that people move on a known ground plane and their
constrained heights. Assume a camera is calibrated with respect to the world
coordinate system as [u,v,1]" ~ P-[x,y,2,1]", where (x,y,2) is the world point and
(u,v) is its corresponding image point. People move on a known ground plane. For
convenience, assume that the ground plane coincides with the plane defined by z=0
in the world coordinate system. Human feet and their ground position are related by

a homography [u,,v,, 11 ~ H, -[x, y,1I", where H,=[p,.p,. p,] and p; is the i-th

column of the camera projection matrix P. Unfortunately, the feet cannot always be
located accurately in images, especially in an indoor environment due to the
occlusion of furniture (e.g., table, chairs) and other moving objects. Head position,
instead is a relatively stable feature that is not occluded for most of the time. |

Assuming the physical height of the human, h, is known, the image and ground

8
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position of the human head are related by a homography, where

H, =[p, p,.h*p,+p,]. An average human height is used for h=1.68 meters.

[0034] The ground position is computed from the image head position:

x, ~H; ' [u,,v, 11 (1)

n

Assume the measured image position of the head is a Gaussian random variable

u~N(u,%,) and the height A~ N(u,,07). The uncertainty of the ground position is

from the uncertainty in the image position and the uncertainty in height. It is

computed by taking the first-order (linear) approximation of the homography

m :‘]u.r‘zu .ler.‘]h.\'.o-: ‘]ITx (2)
where
de dr ds
"y = du dv and J}L\’ = dz
D D dy
du dv dh

The covariance matrix of the image position is set according to the size of the
huma‘n in the image. The standard deviation of the height is set to be 0.15m. Even
though an average height is used for the transformation and humans are of varying
heights, the discrepancy is reflected in the uncertainty of the transformed
measurement. The singularity of this transformation occurs when the camera height
is the same as human height and it looks horizontally. However, this configuration is
rare in a surveillance setting. Experiments with cameras mounted from about 2.5
meters to 3.5 meters with a tilt angle ranging from less than about 10 degrees to

more than 40 degrees provided reasonable constraint for fusion.
Stereo Camera

[0035] A stereo camera tracker is capable of measuring the distance of an object
from the camera; therefore, it provides more constraints than a monocular camera

tracker. However, the uncertainty of the 3D measurement is not homogeneous in all
9 _ :
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portions of the image (e.g., objects farther away have more uncertainty in depth than
closer ones due to triangulation error). Exemplary embodiments include a stereo
tracker that is calibrated with respect to the world coordinate system. 3D points for
each image point is computed by,'where H is a 4x4 matrix for 3D reconstruction
computed in a stereo calibration process and d is the disparity. Therefore,

x, =[x,y]". For a given ground measurement (x,y) from the stereo tracker, (u,v,d) is

recomputed using(x, y,k/20), where h is the average human height. The

covariance matrix of its ground position (x,y) is computed as

Z.\‘ = J ’ Zuvd ) Ji-r (3)

dx

where X , =diag{Z, 0}, with ¢, being the standard deviation of the disparity error

in the stereo matching algorithm and

4 b b
du dv dd
dy dy dy

“Ndu dv dd

RFID

[0036] An RFID localization system provides x-y locations in its local coordinate
system that is usually aligned with the ground plane. The position from a RFID local-
coordinate system is transformed to the world coordinate system through a similarity
transformation. The uncertainty associated with the position is usually not exposed
from the RF localization system; therefore, they are treated as homogeneous across
the covered area. The covariance of the location is computed by averaging the
measurement noise covariance matrix at a number of sampled places in the covered
area. The ground observation from the RF localization system is a simple form

of N(x,,Z,), where X, is the covariance matrix of the ground positions of humans

who perform identifications, estimated from a number of samples. Biometric

sensors that allow a subject to be moving while performing identification usually

10
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have a larger operational range. Therefore, the location is used and fhé scale of the
person in the image (in the case of the face sensor the location and distance
between two eyes in the image is used) to further constrain the person’s location in
the 3D world. The estimated ground vposition from the head location is the same as
for monocular cameras by replacing the head position with eye center position and

human height with human eye height. The estimation is denoted N(x,,,%,,) . If the

locations of both eyes are known, the distance between the eyes in the image
provides additional constraint on the ground position by the knowledge of
anthropometry (i.e., the distribution of the distance between two eyes of a human).

Assuming the image position of two eyes is ¢, = («,,v,) and(x,,v,), the center of the

eyeise=(e +e,)/2=(u_v,). The ray of the center of the eye is
x=C+A1-A (4)

P -e-C
P+-e—Cl

where Ais the unit vector of the ray. A= where P* = PT(PP")™". Assuming

the distance between two physical eyes is d., and the observed distance between
the two image eyes is d;, the distance from the camera center to the center of the

eyel= f-d, /d. . Plugginglas Ain equation (4),

e,—ezlz,le,—ezlz}-JZ‘_ (6)

_ : 2
x,, =J, -diag{o,,,

where o, is the standard deviation of the distance between the human'’s two eyes

(this also absorbs the out of plane rotation of the two eyes), the uncertainty of the

image location of the eyes is set using their image distance and

dx dx  dx
‘ dd, du, dv,
dy dy dy

“ dd, du, dv,

¢ C

1
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‘ Combining the measurements by the eye location (using knowledge of eye height)
and the eye distances assuming they are independent, a final measurement of the

ground position from the face identification sensor is

‘xb2 = Zhh ' (Zl)h + Zbe )—l Xhh + Z
2, =2, (%, +Z, )‘] 2y,

’ (Zhh + Zhe )—I 'xhe

be

Multi-Sensor Fusion

[0037] With the information from all sehsors transformed into a common coordinate
system, fusion is performed. The fusion answers the question which set of
observations should be grouped together, or equivalently, whether or not two
observations belong to the same object. The compatibility of two observations (e.g.,
tracks or biometric reports) is measured using the space-time cue. Different
observations from the same object should have similar static (i.e., position) and
dynamic (i.e., velocity) spatial properties at a given time instant. Due to the noisy
input information and the ambiguity of the instant measurements, instead of making
a decision at the first frame when a new observation arrives, a delayed decision is
“made on all the buffered frames to make use of the overlap between sensors. Ina
real-time system, the decision of the grouping of an observation is made after the
period of time since it started. After the decision, the observation is inserted into the

object that it belongs to.

[0038] At a certain time instant, assume there are n objects {O;,....0, }where k; is

the global ID of Ok. A special ID, ko, denotes a virtual new object. There are m

unresolved observations{7,,...,7, }. A problem is to compute an optimal global ID

ni

d, € {k,,k,,..k,} for each observation T;. Because the sensors may be overlapped,

the global ID of different observations is not exclusive, i.e., it is possible that multiple
unresolved observations have the same global ID. This excludes the possibility of
applying some efficient graph matching algorithm. Due to the large number
((n+D)") of possibilities of considering the observations jointly, the optimal global ID
is computed for each observation independently as the following (the index of the
o‘bservatioh T; is dropped):

12
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d =arg max P(]|0,T).
detky.kyoky )

k [¢

Assuming a uniform prior on d,

Pd|0,,T)~ P(T|d,0,) =
(L(T|d,0,)ifd %k, L(T) ifd =k,}

L(T |d,0,) s the likelihood of observation T matching object Oy and L¢(T) is the

likelihood of observation T being the start of a new object.
Association Using Space-Time Cues

[0039] Space-time cues are used to measure the matching of two observations.
Because the sensors may have overlap in exemplary embodiments of the system,
when a human moves from the coverage of one sensor to the next, there are usually
some time instants that the human is visible in both. The ground locations and
velocities measured from the two sensors are identical because they are view-
independent entities. Due to the different properties of the sensors, the
uncertainties of the measures are used carefully for robust fusion. In addition to
positions, velocity is used for matching. In fact, matching positions for multiple
frames effectively considers the dynamic property of the object. However, using
velocity directly has the benefit of being insensitive to some system error (e.qg.,
camera calibration error). Furthermore, a biometric report may also imply some
dynamic property (most biometric devices need the subject to stop for an
identification) used for discrimination. Exemplary embodiments model the ground
state (location and velocity) of an object using a 4-dimensional Gaussian random
variable and perform probabilistic analysis to account for the sensor noises and
ambiguities. Robust statistics are used to combine the match in multiple frames to
reduce the effect of outliers in the sensory data. The matching is performed on the
observations from sensors that overlap with or are close to each other. This
ensures that no unnecessary comparisons are made. One exemplary embodiment

is suitable for a large number of sparsely connect sensors.

Trajectory Estimation

13
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[0040] The object trajectory is filtered using a Kalman filter assuming a constant
velocity dynamic model for noise reduction and velocity estimation. Making delayed
decisions allows the luxury of better velocity estimates using forward-backward
- filtering (a/k/a Kalman smoother) in the buffer. It avoids the inherent lag of an online

filter (the regular forward filter) by combining information from the future
measurements. A state is denoted as x =[x, y, & &’ where (x,y) is the location and
(& Wis the velocity. The covariance matrices are used in Kalman filters. The

filtered state is a Gaussian random variable. Besides the estimates at the sample
times, the best linear estimate of the state at any time is computed in the Kalman
filter framework. Denote T as the best estimate of the state of observation T at
time t. Because a biometric sensor only generates one report for each identification,
the velocity of the subject cannot be estimated from sensory data. A velocity and its
covariance matrix needs to be assigned for each biometric report using prior
knowledge related to that specific type or instance of sensor. Forexample, most
biometric sensors require the subject to stop to perform identification; therefore, the
velocity can be set to zero with a small uncertainty. For on-the-move devices, the |
velocities are set to that its direction is facing the sensor and its speed has a
relatively flat distribution. Some of the sensors cannot be synchronized accurately.
If the sensor outputs continuous tracks, extra uncertainty needs to be added to its
position covariance matrix using its estimated velocity. For one-shot sensors (e.g.,
biometric sensors), the uncertainties of the position of all other sensors are

increased using their respective estimated velocities to compensate for this.
Matching Overlapping Tracks

[0041] If an observation T has temporal overlap with an object O ={7,,...,T,} (T;is the

i-th observation belonging to O), the observation T is matched to all the observations
Ti in the object that have overlap with T in time and integrate the results. When T is
matched to an observation T;, the association likelihood is computed by the similarity
of the states of all the time samples of T and the state estimates of T; at the same
time samples during the overlapped interval. There are some outliers in the
measurement from some sensors (e.qg., outliers from the RFID sensor); therefore,

the matching score is integrated at all such time samples using robust statistics.
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[0042] The similarity of two Gaussian random variables is defined to be their

normalized correlation. The normalized correlation S(x,, x,) of two Gaussian random
variables x, = N(x,XZ,)and x, = N(u,,%,) has the following analytical form

\/2|Z| wWZu +ulYu —u Tu
ﬂ(xpxz): —e— 1 <1t 222 2

AN

where = (' +X") " u =%(Z; 'y, + Z;'u,) . Experiments showed that the normalized
correlation is better than simple likelihood evaluation from a Gaussian distribution
because it considers both distributions. More specifically, L(Tld,Od) is computed as
the following. For each observation7, e 0,, a set of time samples

S, =1 |t.,. € TS(T),t; < e(T))} are computed where TS(:)is the set of all time samples of

an observation s(-) and e(-)are the starting and ending time of an observation.
L(T|d,0,)=RUBT T |T,e O,,1,€ S,}) (7)

where R(-)computes a robust mean that discards a fixed portion of bad matches.
The portion is set according to the property of each type of sensor. This approach
supports fully asynchronous sensors, sensors dropping frames and sensors working
at different frame rates. The multi-frame integration is for sensors that output
continuous tracks. For a one-shot sensor, effectively only on matching score is

used.
Matching Non-Overlapping Observations

[0043] If there is a small gap between sensor overages, observations from two
sensors will not appear at the same time instant. Human motion usually shows
good continuation during small gaps; therefore, the space-time cues above are still |
useful for associating slight non-overlapped observations, Much larger gaps
between sensors need to be handled by machine learning techniques. 1f T does not

overlap any observation in Og, choose 7, € O, that has the latest ending time for
matching. If e(Ti) and s(T) are within 8T (e.g., 1 to 2 seconds), compute the T."7”,
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the best state estimate of T; at time s(T) and T“"? | the best state estimate of T at

time e(Ti), using Kalman prediction and back-prediction respectively.
L(T | d,Od) — L(T I Tx) — ('B(T(E(T )),T(B(T.-))) +ﬁ(T(-\'(T)),Ti(-\'(T))))/2 )

Due to the fact that the covariance of the predicted location is larger than the

estimation from measurements, the matching score decreases as the gap increases.
Matching With New Objects

[0044] The likelihood of an observation being the start of a new object (i.e., Lo(T)) is
evaluated according to the knowledge of the entrances of the environment. The
locations of the entrances are well defined for each sensor; there is usually a
preferred direction for each entrance. The location and velocity of the start of an

object is modeled as a mixture distribution
P(x)=>"" LN(u,%,)+1,U(Q)

where u; is the mean location/velocity of an entrance, X is the associated

uncertainty, |; reflects how often an entrance is used. The uniform component
defined on the entire domain Q captures other possibilities. The parameters are.
hand crafted in one embodiment, but in another embodiment they are learned from
observations. The starting state 7" of an observation is matched with the
entrance distribution by combining the normalized correlation with each component

in the mixture model using the component ownerships.

{oo4s5] Figure 3 illustrates an exemplary monocular single camera tracker. There is
a baékground modeler 300 that continuously updates the reference background, an
object initializer / foreground detection component 302 that performs change
(geometry)-based initialization of objects, a frame-to-frame tracker 304 that performs
appearance/motion-based propagation of objects, and a tracker state machine 306
that performs temporal reasoning of tracked objects. In the illustration, a scene 308
is processed by an adaptive background modeling process 310 to produce a filtered

representation 312 and a filtered background model 314. Then, a foreground
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detection process 316 generates a foreground representation 318 using the filtered
representation 312 and the filtered background model. A frame-to-frame tracking
process 320 uses the foreground representation 318 and detected change objects to

generate a state machine 322.

[0046] In one exemplary embodiment, a layer-based formulation is used for single
camera tracking. Single camera processing includes stereo computation,
appearance;depth based change detection, ground-based human segmentation,
and a multi-object tracker. The multi-object tracker includes motion estimation,
computing likelihood, computing ownership, and updating a model. A semi-3D
object representation encodes the object’s ground position and uncenrtainty, 2D
shape and appearance. Visually, an object can be thought of as a 2D cardboard
cutout placed vertically on a ground plane with probabilistic shape and a part-based
histogram appearance model. One advantage of a ground-based representation of
shape and appearance is that it provides invariance to image scale change due to |
perspective effects. Further the appearance and depth models are designed to be

resilient to pose variations and suitable for articulated objects.

[0047] Figure 4 illustrates an exemplary process for 3D reconstruction of objects.
For stereo tracking, disparities 402 are first estimated between the corresponding
stereo pairs for a video frame 400. The disparities 402 are converted into an
Euclidean (x,y,z) representation 404 using a 4x4 calibration matrix 406 as illustrated
in Figure 4. The top view 408, frontal view 410, and side view 412 of the Euclidean
(x,y,z) representation 404 are also illustrated. The tracking is performed after
coherent blobs are detected in the computed Euclidean representation 404. The
blobs are prbjected vertically down on the ground plan, creating xy blobs that are

fairly well separated because of their separation in depth. This is shown in Figure 5.

[0048] Object representation needs to be rich and discriminative so that an object
can be distinguished from other objects and the background. At the same time,
object representation also needs to be flexible to take into account the change of
object properties over time. In one embodiment, integrated position, shape,
appearance and depth cues are used. Compared to stereo tracking methods that

use depth alone, integrating multiple cues provides more robustness in crowded
v 17 _
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environments. A non-parametric probabilistic shape model is maintained for each
object over time. A flexible appearance model includes a coarse cardboard grid and
a color histogram of appearance is maintained for each grid pixel over time. The
human ground location is represented by a center location and the ground speed of
a typical human and location error covariance, which varies by the distance from the
camera according to the stereo reconstruction. Depth information is provided by

stereo computation and used to distinguish objects in an image.

[0049] Figure 5 illustrates an exemplary process for ground-based stereo tracking.
Figure 5 shows an example input frame 500, detected background 502, detected
foreground 504, a ground accumulation map 506 and the detected humans 508, and
the segmentation. The noise in the foreground detection is due to the stereo artifact
and shadow that have been excluded from the detection. The foreground is}
projected onto the ground plane. This results in the good separation for vertical
elongated objects, such as humans. Object segmentation is based on a ground
accumulation map. Object segmentation involves knowledge of the physical size of
humans and is capable of segmenting humans that are close to one another. A

ground plane-based region of interest is specified.

[0050] A histogram based background model is built and updated over time at each
pixel for both the appearance and depth, preferably insensitive to illumination
change.. The pixels that are dissimilar to the background model are classified as
foreground. A fast object segmentation technique based on an efficient mode-
seeking algorithm (mean shift) on the foreground ground accumulation map, which
is constructed by projecting the 3D points of the foreground onto a quantized ground
grid. Local peaks are identified on the map. A few iterations of the mean shift
algorithm starting from these seed points using a circular kernel whose size is
approximately the size of a person. The (esulting 'modes are merged if their-
distance is smaller than half of the human width. A threshold on the accumulation
map (number of image pixels that contri_bute to the mode) is applied to separate true
human detections from any extraneous noise in depth maps. The thresholds at
different locations are different and are set according to the expected image size of

a human by the camera geometry. This method is powerful in segmenting multiple
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people close to one another, which is almost impossible with either monocular
analysis or image-based depth analysis. After the tracking process, a matching

process is invoked to detect objects.

[0051] Figure 6 illustrates a multi-cameré tracking concept. A room has four
cameras, each camera having a different view 600, 602, 604, 606, which are
combined into a 3D world view 608. Individual trackers identified various people, as
indicated with circles. The individual camera trackers report the ground location of
each object. Various measurements, such as foot locations, shape, motion,
appearance, and calibration are determined. A multi-camera tracker using
geometry-based object matching works in a unified world space across all the

cameras.

[0052] Single camera stereo/monocular tracking.is extended to multi-camera
tracking, where the multiple cameras have minimal overlap. The following
constraints are used in multi-camera tracking: foot location, shape, appearance,
motion, and camera-to-camera calibration. When cameras have some overlap, the
fact that the head location for the same person lies within a plane is exploited usihg
a homography between pairs of cameras. The homography is pre-computed by
choosing head locations in images for individuals with nominal heights.
Uncertainties due to varying heights with online tracking is modeled and used for
tracking. There is an exemplary head-to-head homography constraint between
overlapping cameras. Head locations are represented using a nominal position and
its covariance resuliting from measurement uncertainties within an image and the
variation in heights of people. In multi-camera tracking systems, there is an
exemplary representation of head position. Head position is represented by a mean
and an uncertainty measure (e.g., covariance rhatrix). Uncertainties in head position
include a measurement error in estimating head position and a height variation

among different people compared to mean height used for the geometry constraint.

[0053] In one embodiment, multi-object tracking is formulated as a mixture model
estimation problem. The image observation (i.e., appearance and depth) is modeled
as a mixture model with one component for each object layer and one component

for the background layer. Multi-object tracking includes motion estimation using
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the EM algorithm, updating shape and appearance models using IIR filtering
weighted by layer ownerships, and updating the depth model using Kalman filtering.

[0054] In one exemplary embodiment, an area is monitored with a network of stereo
cameras. Stereo cameras can reliably handle groups of people in a cluttered
environment. Each pair of adjacent cameras has a slight overlap in the field of view.
This overlap ensures a tight inter-camera space time constraint. Object detection
and tracking are performed independently for each stereo camera. Tracking results
from all single (stereo) camera trackers are sent to the multi-camera tracker
(McTracker). The McTracker resolves local tracks from all cameras that correspond
to the same object into one global track so that the identity of an object is carried
across camera views. The resolved global tracks are stored in a database. A
visualization tool and an event query engine are tied to the database. Objects are
detected using a fast mode-seeking approach on the gfound plane projection of
foreground pixels. Objects are then tracked using a representation of shape,
appearance and ground-based depth. The tracking problem is formulated in a
unified mixture model framework and solved using an expectation maximization
(EM) algorithm. The EM algorithm iteratively estimates the object ownership and
motion parameters. Ground-based space-time cues are used to match different
tracks of an object as it moves from one camera to another. The object state (i.e.,
ground location and velocity) is modeled as a Gaussian variable and estimated
using a Kalman forward/backward filter (i.e., smoother). The estimated states are
matched across overlapped tracks stored in a decision buffer and matched across

slightly non-overlapping tracks using extrapolation.

[0055] Figure 7 illustrates an exemplary process of tracking. At time t 700, an object
702 is identified and associated with an icon of the latest model of appearance 704,
which was learned from the recent past. In a probabilistic shape (visibility) mask
706, the brighter the pixel, the more likely that it belongs to the object. An object is
associated with a velocity estimate and a depth estimate if available. At time t+1
708, motion estimation 710, appearance estimation 712, shape estimation 714 and

occlusion handling 716 are performed to provide a latest appearance model 718, an
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updated learned model 720, updated shape or visibility mask 722, and updated

velocity estimates and depth estimates.

[0056] Figure 8 illustrates exemplary tracking video. Exemplary embodiments may
be used in various different environments, such as a conference room in an office
building 800, an outdoor park 802, a public building 804, and an entrance way to a
building 806.

[0057] Figures 9 and 10 illustrate exemplary multi-camera tracking video. With
multi-camera tracking for video only as shown in Figure 9, a global set of identities
for all the objects in the environment is maintained. Available cues, such as
position, motion, shape, and appearance are used to match object identities across
multiple cameras, each of which is tracking individually. Figure 10 shows

overlapping camera views 1000, 1002, 1004, 1006 of a room.

[0058] There is an exemplary process of matching two corresponding head locations
between two cameras, which is accomplished using uncentainties. Given head
measurement noise and height uncertainty in a first camera, use the Jacobian of the
transformation between the first camera and other cameras to evaluate the
corresponding uncertainty in the other cameras. Then, use the warped uncertainty
to evaluate a matching score between a new person tracked by the first camera with
those being currently tracked in other cameras. The track with the best matching

score is selected.

[0059] Figure 10 illustrates how objects in various locations across different pairs of
cameras have widely heterogeneous uncertainties, thus, illustrating that the use of

these uncertainties is needed for finding correct matches in cluttered scenarios.

[0660] Furthermore, shape and appearance constraints are also used to track
objects from camera-to-camera. These constraints enable multi-camera tracking
even when there is no overlap between the cameras. Because humans largely walk
upright, appearahce is represented as a collection of histograms of
color/intensity/texture at different heights along the height axis of a person. This is

typically a multi-dimensional representation. In particular for intensity, it is two-
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dimensional. One dimension is the height with respect to the ground and the other
axis is the binned intensities with each bin containing the strength for that intensity.
This is generalized to use color and texture histograms as well. The shape and
appearance representation is correlated among potentially matching hypotheses to
derive a unique object association across cameras. Furthermore, this association is
computed over many overlapping time instants across two cameras in order to

provide robustness to accidental matches, as illustrated in Figure 11.

[0061]' Figure 11 illustrates an exemplary process of matching feature trajectories
1100. Object coordinates and the error covariances from RF and video are mapped
to a common coordinate system. The warped uncertainties are used to evaluate a
matching score between a video-based and a RF track. Multiple frames with
overlap in time are used for decisions on whether to combine matching scores from
multiple overlapping times, which is a more robust decision than only using a single

frame.

[0062] Figure 12 illustrates an exemplary process of track fusion using Kalman
filtering. Video based tracks 600, 602, 604, 606 are processed to estimate location
and error covariance in map coordinates. Kalman filtering 1200 and track
synchronization 1202 are performed on the video based tracks 600, 602, 604, 606.
An RFID and location system 1204 determines RF-based location that is processed
to estimate location and error covariance in map coordinates. Kalman filtering 1200
is performed on the RF-based location and track synchronization 1202 is performed.
Video based tracks 600, 602, 604, 606 and RF-based location is processed by track
association 1206 and bias errors are determined. In exemplary embodiments,
tracking includes RF tags to provide 2D/3D location information as well as a unique
1D for the individual carrying the tag. The unique ID provided by RF is fused with the
locations provided by RF and video based tracking to compute joint RF/video tracks.
RF provides positive identification and rough location, while video provides precise
location but is affected by clutter. Thus, exemplary embodiments combine the -

advantages of both while mitigating their drawbacks.

[0063] Exemplary embodiments include a unified approach to fuse multiple

heterogeneous sensors including a monocular video tracker, a stereo video tracker,
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a RF localization system, and two types of biometric identification systems. The
underlying technique is to transform observations from all sensors into a common
ground plane based coordinate system with rigorous uncertainty analysis.
Observations from different sensors are thep fused using space-time constraints.
The resulting capabilities include continuous tracking of people in a mixed
monocular and stereo camera network, associating video tracks with RF tracks,
tracking of people with their identities, and others. The capabilities provide
information from different sources into a compact and consistent form that is natural
for the system operator. The capabilities also enable many interesting applications,
such as wide-area event recognition, analysis of individual behavior patterns and

selective video-based alarms.

[0064] While the foregoing is directed to various embodiments of the present
invention, other and further embodiments of the invention may be devised without
departing from the basic scope thereof. As such, the appropriate scope of the

invention is to be determined according to the claims, which follow.
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What is claimed is:

1. A method for tracking an object, comprising:

receiving; by a plurality of camera trackers, camera video streams from a
plurality of cameras;

. providing, by the camera trackers, camera video tracks;

providing, by at least one radio frequency identification (RFID) and
localization system, RF tracks and a plurality of RF identities;

selectively fusing, by a fusion module, the camera video tracks with the RF
tracks to generate fused tracks;

associating, by the fusion module, the fused tracks with the RF identities; and

displaying, by a visualization display, the fused tracks and the RF identities;

providing time-synchronized access to the camera video tracks, by the

visualization display.

2. The method of claim 1, wherein the fusing is performed by matching

overlapping video tracks using association of space-time and appearance cues.

3. The method of claim 1, wherein the fusing is performed by matching non-

overlapping video tracks using association of space-time and appearance cues.

4. The method of claim 1, wherein the fusing is performed by matching video

tracks with new objects.

5. The method of claim 1, wherein continuous coverage is provided by

propagating the RF identities and by performing handoffs between any two cameras.

6. The method of claim 1, wherein the fusion module selectively associates a

plurality of identities from at least one biometric system with the fused tracks.

7. A system for tracking an object, comprising:
a plurality of camera trackers to receive camera video streams from a plurality

of cameras and to provide camera video tracks;
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at least one radio frequency identification (RFID) and localization system to
provide RF tracks and a plurality of RF identities;

a fusion module to selectively fuse the camera video tracks with the RF tracks
to generate fused tracks and to associate the fused tracks with the RF identities; and

a visualization display to display the fused tracks and the RF identities and to

provide access to the camera video tracks.

8. The system of claim 7, wherein the fusing is performed by matching

overlapping video tracks using association of space-time and appearance cues.

9. The system of claim 7, wherein continuous coverage is provided by
propagating the RF identities and by performing handoffs between any two of: the

cameras and the RFID and localization system.

10. A computer readable medium having stored thereon instructions for
performing a method for tracking an object, the method comprising:

receiving, by a plurality of camera trackers, camera video streams from a
plurality of cameras;

providing, by the camera trackers, camera video tracks;

providing, by at least one radio frequency identification (RFID) and
localization system, RF tracks and a plurality of RF identities;

selectively fusing, by a fusion module, the camera video tracks with the RF
tracks to generate fused tracks;

associating, by the fusion module, the fused tracks with the RF identities: and

displaying, by a visualization display, the fused tracks and the RF identities:

providing access to the camera video tracks, by the visualization display.
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Tracking Examples (Video)
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SARNOFF MULTI-CAMERA TRACKING
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