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Abstract

This paper presents an adaptive active tracking system with sector based scanning for a single
PTZ camera. Dividing sectors on an image reduces the search space to shorten selection time
so that the system can cover many targets. Upon the selection of a target, the system estimates
the target trajectory to predict the zooming location with a finite amount of time for camera
movement. Advanced estimation techniques using probabilistic reason suffer from the
unknown object dynamics and the inaccurate estimation compromises the zooming level to
prevent tracking failure. The proposed system uses the simple piecewise estimation with a few
frames to cope with fast moving objects and/or slow camera movements. The target is tracked
in multiple steps and the zooming time for each step is determined by maximizing the zooming
level within the expected variation of object velocity and detection. The number of zooming
steps is adaptively determined according to target speed. In addition, the iterative estimation of
a zooming location with camera movement time compensates for the target prediction error
due to the difference between speeds of a target and a camera. The effectiveness of the
proposed method is validated by simulations and real time experiments.
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1. Introduction

Tracking multiple objects with active cameras has received much attention in the community

of surveillance system. Active camera systems can maximize the coverage of the surveillance
system by a wide-angle view as well as ensure the high resolution of objects by pan-tilt-zoom
(PTZ) cameras. This can be easily extended to post processing applications such as target
classification and identification. An active tracking system is required to track many objects at
least once while they dynamically move around a surveillance area. The system also needs to
accurately predict the zooming location to maximize the zooming level for the close-up.
However, the fairness of the target selection is not guaranteed because the system cannot track
targets with a wide-angle view during the zooming process. Moreover, the prediction accuracy
is degraded by unknown object dynamics and is aggravated by slow camera movements. The
inaccurate prediction restricts the zooming level to avoid the tracking failure. Therefore, it is
not trivial to achieve object tracking in high resolution as effectively covering many objects in
real time.

Numerous active camera systems with PTZ cameras have been developed in the literature.
Some approaches are presented to track the only single target with a single PTZ camera as
keeping it at the center of image [1][2]. Costello et al. proposed several scheduling policies for
a single PTZ camera to zoom in multiple targets but does not consider the decision to
determine the zooming location and level for a selected target [3]. Also, many researchers
have been focused on the camera scheduling problem with multiple cameras to track multiple
targets [4][5][6]. Costello et al. [4] proposed a distributed scheduling algorithm for identifying
each person in the scene by a network of PTZ cameras. Qureshi et al. [5] proposed a virtual
environment simulator to test various camera sensor network frameworks. Some methods
used a master camera with at least one slave PTZ camera to track multiple targets with a
wide-angle view all the time [7][8][9][10][11]. The master camera with a wide-angle view
coordinates the target selection and the slave PTZ camera captures close-up targets but it
requires dedicated relationships among multiple cameras [12][13][14][15].

Active tracking systems require a finite amount of time to zoom in each target because of
target tracking and camera movement. While a camera zooms in a target, it cannot track other
targets. When a single PTZ camera is used, it is important to minimize the time to track each
target and to maximize the zooming level. The zooming location is predicted by estimating the
target trajectory. The incorrect zooming location may cause losing the target on an image.
However, predicting of a zooming location is not a trivial problem due to unknown object
dynamics and slow camera movement. Tordoff and Murray [17] also addressed the problem of
the delay in the feedback loops comprising of image capture delay, platform response lag and
zoom lens response lag. In order to find the optimal zooming location and level, Kalman Filter
was used [16][17][18]. Although the appropriate zoom level is probabilistically found, the
zooming level is maximized only when object speed is slow. Therefore, an efficient and
accurate active tracking system is required to maximize the zooming level for fast moving
objects and/or slow camera movement.

In this paper, we propose an active tracking system with sector based scanning for a single
camera. An image is evenly divided into the set of sectors to improve the processing time for
target detection. The system sequentially scans the divided sectors to select multiple target
effectively. If any change is detected in a sector, the system zooms in the sector for slowly
moving targets and/or fast camera movements. To maximize the zooming level of the selected
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target against unknown object dynamics, the proposed method tracks and zooms the target by
multiple steps with a piecewise linearized object model instead of zooming the target by one
step with the inaccurate prediction. We introduce a motion box to ensure the space for the next
trajectory estimation. The required zooming level of a motion box at each zooming step is
maximized within the expected variation of object velocity and detection. At each step, the
target location is predicted with fewer frames to shorten the estimation time so that the
accuracy of the target location for unknown object dynamics is improved. Also, the prediction
of the target location for a shorter time in each step enables the system to cope with fast
moving targets and/or slow camera movements. The time it takes to track each object is
minimized to increase the number of tracked targets. Also, the iterative calculation of the
zooming location with the camera movement time compensates for the delay in the feedback
loops. Finally, the proposed method is verified with real time experiments to demonstrate the
effectiveness of the proposed method.

The remainder of this paper has 4 sections. In Section 2, we present the overview of
application model and problem description. Section 3 explains the adaptive object zooming to
maximize the zooming level. We elaborate the decision strategy for the zooming steps and
levels with the camera characteristics. In Section 4, we demonstrate the effectiveness of the
proposed method with a real time experiment and discuss the limitation of the proposed
method. Finally, our contribution is summarized along with future work in Section 5.

2. Application Model and Problem Description

2.1 Application Model and Motivation

(Target DetectiorD—{Target Selection)—»(T arget Prediction Target Close—up)

E— 1

Normal state Zoomed state

Fig. 1. llustration of the general process flow for an active tracking system

Active tracking systems obtain the high resolution images for targets in the surveillance region
and it facilitates the post processing for target classification and identification. Active tracking
systems usually consist of four steps as shown in Fig. 1. An active tracking system observes
the surveillance region and detects targets at the normal state. The system searches the entire
image to select a target for the close-up. The selected target dynamically moves around the
surveillance region during the zooming process. Also, a camera requires the finite amount of
time to zoom in a specified location. Hence, once the target is selected for the close-up, the
system tracks the target trajectory and estimates the target velocity in order to predict the target
location for the zooming process. Then, a PTZ camera zooms in the predicted target location.
After the zoomed image of the target is captured by the system, the system returns to the
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normal state for the next target. Such system should select multiple targets at least once to
capture them as many as possible. Also, the system needs to accurately predict the zooming
location so that the selected target is zoomed in at the maximum zooming level.

2.2 Problem Description and Approach

Tscan | Ttrack

| | | >|< >|<
Td Te | Ta | Tz | Tr Tz Ta
Fig. 2. The detailed time parameters for active target tracking.

The system uses the accurate detection algorithms such as background subtraction method,
optical flow method, and statistical learning method [20][21][22] in order to zoom in dynamic
objects. Fig. 2 illustrates the detailed time parameters for sector based zooming for dynamic

objects. T, denotes computation time for target detection at the normal state and T, denotes

computation time for target estimation in the normal state. T, and T, denote the translation

and zooming time of a camera respectively and they are usually proportional to the amount of
the camera movement. In order to maximize the viewing time of a surveillance region, a
camera is translated first during the transition to the zoomed state and a camera is zoomed out

first during the transition to the normal state. T, denotes the recording time at the zoomed state
and depends on the requirements of applications.

To support a large number of targets with only a single camera, the time it takes to track
each target must be short such that all the targets in the surveillance region can be tracked
before any of the targets leave the region. The time it takes to track each target consists of
times for detection/selection, trajectory estimation, and zooming. The system needs to detect
the entire image to select a target. The detection requires a finite number of frames and the
long detection time aggravates the selection of multiple targets. The processing time for each
frame should be minimized to improve the overall time for the tracking. Also, due to a finite
time of the camera movement, a target trajectory must be computed to compensate the time for
the camera movement. The compensation for the camera movement time is very critical to
accurately track each target. The accurate estimation of the expected location with the
trajectory estimation is necessary to maximize the possible zooming level. Otherwise, the
actual target may not be in the center of an image.

In zooming a selected target, the system estimates the target velocity to predict the target
location for the zooming process. Although Kalman Filter or the probabilistic reasoning
provides the accurate estimation with known object dynamics, they usually require the long
estimation time and it affects the selection of multiple targets. Moreover, because their
techniques are probabilistic, the accuracy of the target location for unknown object dynamics
cannot be guaranteed. The inaccurate location restricts the possible zooming level. Also, as the
camera movement is slower for the zooming process, the system needs to predict the target
location for a longer time. Then, the predicted location can be deviated from the actual
location because objects can move unexpectedly during a long movement time of a camera. It
increases a chance to lose a target at the zoomed state.
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Fig. 3. lllustration of the proposed approach that consists of two different stages of scanning and
tracking operations

The proposed approach uses two sub-processes as shown in Fig. 3. One is scanning and
another is tracking. An image is evenly divided into multiple rectangular sectors to improve
the computation time for the target detection. It also has an effect of reducing the search space
to select targets. For simplicity, we divide the image of a camera into multiple equally divided
rectangular sectors. n denotes the number of divided regions along the width of the image, and
m denotes the number of divided regions along the height of the image. The total number of
divided regions is nxm. The size of each rectangular region corresponds to the desired
zooming level by

w h
W’W) 1 1)

where z denotes the maximum zooming level which can be operated by a camera and w'x h'’

denotes the size of each sector. The size of a sector is normally greater than at least the size of
a target to minimize repetitive selection for the same target. The system scans each sector
sequentially to improve the fairness of the target selection. If any change is detected in a sector,
the system zooms in the sector for slowly moving targets and/or fast camera movements.
When multiple targets exist in one sector, the system randomly selects one target among them
for the maximized zooming. The system tracks the remaining targets in the other sectors
because targets move around the surveillance region. Even though the remaining targets are
stationary, they are tracked eventually when the system scans the same sector again. The
maximum number of targets that the proposed method can handle depends on the target speed
and the camera movement speed. If the camera movement speed is fast enough that all targets
remain in the surveillance region during the one iteration of sector scanning, the proposed
method tracks at least one target in each sector. To maximize the zooming level of the selected

Z =min(
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target against unknown object dynamics, the proposed method tracks and zooms the target by
multiple steps with a piecewise linearized object model instead of zooming the target by one
step with the inaccurate prediction. We introduce a motion box to ensure the space for the next
trajectory estimation. The required zooming level of a motion box at each zooming step is
maximized within the expected variation of object velocity and detection. At each step, the
target location is predicted with fewer frames to shorten the estimation time so that the
accuracy of the target location for unknown object dynamics is improved. Also, the prediction
of the target location for a shorter time in each step enables the system to cope with fast
moving targets and/or slow camera movements. The number of zooming steps is adaptively
determined according to target speed. The one extreme case is that target speed is relatively
faster than the camera movement speed. Because the inaccuracy of the predicted zooming
location increases during the slow camera movement, it restricts the zooming level to
compromise the inaccuracy of the predicted location at each step and requires multiple steps.
On the other hand, when target speed is relatively slower than the camera movement speed, the
fast camera movement shortens the amount of prediction time and reduces the inaccuracy of
the predicted location. The proposed method achieves the maximum zooming level by a few
steps.

3. Adaptive Active Object Tracking

3.1 Active Tracking with Known Dynamics

tO(t+Te)
Wo( ) /> 6(t+Te+Ta+Tz) b
i Motion box
ho(t J---. i
o(t) E/G(H'Te"'-ra"'-rz)
o(t) ’ (- Te+ T +T)
O(t+Te+To+T,+Ty)

—--—-—= Actual path of a target
— - —> Estimated velocity of a target

Fig. 4. The determination of the zooming level by the simple linearized trajectory model.

Target O(t) is selected by the proposed sector based scanning and selection strategy at
time t. The simple zooming method is to zoom it in by a single step with the maximum
zooming level. The zooming location is predicted by the estimated velocity during T, and the
zooming level is determined by considering the size of the target. The system uses the simple
linear model for the prediction to shorten the estimation time. The zooming level may also

consider a space to observe the target at the zoomed state. To include the space for observing
the target, we introduce a motion box as shown in Fig. 4. For example, if N frames are required
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at zoomed state, the motion box ensures the space for CA)(t+Te+Tt+TZ) and

6(t +T,+T,+T,+T,). T, denotes the time to process N frames for the target detection and

tracking. The center of a motion box is determined with the two predicted locations by
Xy C+T, +T, +T,)=(GE+T, +T, +T,) + X, t+ T, + T, +T,+T,))/ 2,

Y C+T +T, +T,) = (Yot +T, +T, +T,)+ Yo t+T, +T, +T,+T,))/ 2,
where X, (t) and vy,, (t) denote the center coordinate of motion box M (t) and, X, (t) and

(2)

Yo (t) denote the center coordinate of target é(t) . Since the size of a motion box needs to

keep the ratio of an image, the possible width and height of a motion box are calculated first.
They are represented by
hy C+T, +T,+T,)=2|Yt+T,+T, +T,) -yt +T, +T,+T,+T )+ h, t+T,)/ 2], )
Wy, C+T, +T,+T,)=2| X{U+T, +T,+T,) - XE+T, +T,+T, + T, )+ W, (t+T,)/ 2]
where W, (t) and h, (t) denote the width and height of target O(t) respectively and, w,, (t)

and h,, (t) denote the possible width and height of a motion box M (t) . The zooming level is

decided by making the larger size of a motion box as follows,
W h

z'=min( , ). (4)
Wy, (t+T,+T,+T,) h, t+T,+T,+T,)
V(t+Te) O(t+Te+Ta) O(t+Te+T.+T)
O(t) O(t+T,)
L |
) Te Ta AT, T, Ta AT
) Ta T, 1
O(t+Te+Ty) O(t+Te+T,'+T,)

Fig. 5. The timing diagram to show the effect of object movement during the camera movement.

Although the zooming location is correctly predicted with known dynamics, it can be
deviated by object movement during the camera movement as shown in Fig. 5. For example,

the system estimates the velocity of target O(t) during T,. V (t+T,) denotes the estimated
velocity of target O(t +T,) . Then, the system calculates the predicted location of the target
after the translation and zooming time of camera T, and T, . However, the actual movement
time for the translation and zooming in the predicted location is different from T, and T, . The

actual times for the translation and the zooming are denoted by T, " and T, ' respectively.
They are calculated by considering both the predicted location and the camera movement
speed. Because of the time difference between T, +T, and T, '+T, ', denoted by AT, +AT,,
the zoomed target can be deviated from the predicted location.

In order to cope with the prediction error due to AT, +AT,, we compensate for the

prediction error with the camera movement speed. The time to move (i.e., zoom and translate)
a camera depends on the next location on the image and the specifications of a camera. Once
the next location to be translated and zoomed is determined by the system, the camera
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movement time is calculated by the movement speed in the specifications of a camera.
However, the actual movement time should also consider the time to transfer and execute
commands to a camera. For instance, Fig. 6 shows the measured movement time for panning,
tilting and zooming of AXIS 214 PTZ network camera [19].

—O— Tilting
—8&— Panning

1.61

co Euso € @o ExL

Degree (°)
(a) The measured panning and tilting time

el x| 3x | oax | sx | ex | 7x | 8x | ox [ 1ox | 1x | 12x | 13x | 14x | 15X | 16X | 17X | 18X
1X_ | 0.9669 | 1.2874 | 15065 | 1.6394 | 1.7321 | 1.7924 | 1.8722 | 19099 | 19416 | 20177 | 2.1107 | 2.2118 | 2.3195 | 2.4004 | 25009 | 2.68285 | 2.7558
2x 069 | 09 |10281 | 116 | 1.2332 | 1.2824 | 1.3419 | 1.4028 | 14185 | 1515 | 1.5041 | 1.7243 | 1834 | 18862 | 2.0346 | 2.0442
3x 054 | 06953 | 0.8244 | 0.8582 | 0.9444 | 1.0284 | 1.0752 | 1.121 | 11704 | 1.2704 | 1.3794 | 1468 | 1.5038 | 1.7204 | 1.7758
ax 0.4792 | 0.5701 | 0.6645 | 0.7838 | 0.8266 | 0.8616 | 0.8928 | 0.9794 | 1.0494 | 1.1342 | 1.2768 | 1.380 | 1.4812 | 1.5873
5X 0.4598 | 0.5719 | 0.6152 | 0.654 | 0.711 | 0.7398 | 0.9748 | 0.9748 | 1.0404 | 11034 | 1.2366 | 1.384 | 1.4431
6X 0.4717 | 0.5273 | 0.5478 | 0.6084 | 0.7024 | 0.7374 | 0.8076 | 0.9772 | 1.0284 | 1,088 | 1.2514 | 1.2587
2 0.4704 | 0.4483 | 05776 | 0506 | 06287 | 0.7698 | 0.824 | 0099 | 1.0342 | 1.1406 | 1.2444
8X 045 | 0.4593 | 05387 | 0.5024 | 0.7312 | 0.7758 | 0.9372 | 0.923 | 1.099 | 1.1626
ox 0.46_| 0.4629 | 05865 | 0.6303 | 0.7574 | 0.8118 | 0.9402 | 1055 | 1.1091
10X 0.4531 | 0.4195 | 05834 | 0.7092 | 0.7618 | 0.8704 | 0.9678 | 1.0406
11X 0.37_| 0.4976 | 05648 | 0.6296 | 0.7964 | 0.8868 | 1.0122
12X 0.4399 | 0.5444 | 0.69 | 0.7172 | 0.8536 | 0.9778
13X 0.45 | 05072 | 0.6634 | 0.7678 | 0.8966
14X 047 | 0.6016 | 0.681 | 0.771
15X 0.4528 | 0.5255 | 0.6391
16X 046 | 05151
17X 04

(b) The measured zooming time

Fig. 6. The measured movement times for panning, tilting and zooming of AXIS 214 PTZ camera.

The predicted location is iteratively determined with the predetermined zooming level to
consider the target movement during T, . Once the next size of a motion box is determined by

(4) with T, =0 and T, =0, T, is calculated with the given specifications of a camera to

z
zoom in an image by the new size of the motion box. The predicted location of a motion box is
recalculated by considering the target movement during T, . Then, T, is updated with the

recalculated location of a motion box. The method to determine the location and the size of a
motion box is summarized in Algorithm 1.

Algorithm 1: The compensation of AT, + AT,
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Input: O(t+T,), V(t+T,), N, the movement time of a camera

Output: z, M(t+T,+T, +T,)

1. Determine z' with O(t+T,), V (t+T,) and N under the assumptions T, =0 and T, =0 by
(2), (3) and (4);

2. Calculate T, with z' according to a camera movement time;

3. Estimate é(t +T,+T,) and é(t +T,+T,+Ty);

4. Determine M (t+T, +T,) with ot +T,+T,) and ot +T,+T,+Ty) by (2);

5. Calculate T, with M (t+T, +T,) according to a camera movement time;

6. Estimate O(t +T,+T,+T,) and ot +T,+T,+T,+Ty);

7. Determine M (t+T, +T, +T,) with O(t+T,+T,+T,) and O(t+T, +T, +T, +T,) by

@);
8. Update T, with M (t+T, +T, +T,) according to a camera movement time;

9. Repeat 6 to 8 until the amount of AT, + AT, is negligible;

a-

—e— T,=0.2T,
—6— T,=0.6T,
—B— T,=T,

—A&— T,=14T,
—0— T,=1.8T,

<Gy
N

@ & |
3 4 5

The number of iterations
Fig. 7. The amount of AT, + AT, by the iteration based determination of a motion box according to
T, when T, =2.

Fig. 7 shows the amount of AT, + AT, by the iteration based determination of a motion box
according to the number of iterations. The data of Fig. 6 is used for the simulation. T, is set to

z
2 secondsand T, ischanged from 0.2T, to 1.8T, with the step of 0.4 seconds. The frame rate
is set to 3 frame/sec and N is set to 5. The simulation results demonstrate that the amount of
AT, + AT, converges on zero with at most three iterations.
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Fig. 8. The possible failure of the single step based active tracking due to the inaccuracy of the
estimation and the prediction.

However, the performance of the single step zooming is affected by target velocity and
detection variation as shown Fig. 8. The predicted location is calculated with the estimated

velocity of a target, V (t+T,). The actual velocity of a target can vary while a camera
translates to and zooms in the predicted location. It causes that the prediction location of a
motion box M (t+T,+T,+T,) may not include the actual location of a target

O(t+T,+T,'+T,") . Detection variation during the velocity estimation of a target also affects

the accuracy of the predicted location. When the system estimates the velocity of a target, the
trajectory history of a target may not be the same as the actual trajectory of a target due to
detection variation. It generates the error in the estimated velocity of a target and the
inaccurately estimated velocity can cause the predicted location to be largely deviated from the
actual location. As a result, the system may fail in zooming in the target with the desired
zooming level. Therefore, the system should incorporate the effect of object velocity and
detection variation in determining a motion box.

3.2 Effects of Unknown Factors

Object velocity variation creates the estimation error for a moving target and causes the
estimated location of a motion box to be deviated from the actual location of a target. Also, the
amount of the deviation is usually proportional to the zooming time while a target is not
stationary. This leads to increase the size of a motion box to incorporate the deviation effect,
and then the zooming level is restricted.
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Fig. 9. The illustration of object velocity variation.

Fig. 9 illustrates the effect of object velocity variation with the zooming time. Av denotes
the variation percentage of a target velocity. In order to measure the effect of object velocity
variation on the zooming level, the maximum zooming level to incorporate the effect of Av is
measured among the boundary of locations due to velocity variation. A camera is placed at
(45m, 40m, 40m) with a top-down perspective observing an object moving from the left to the
right at 2m/s on the ground plane in the simulation with MATLAB. The initial position of an
object is (45m, 40m). The trajectory of the object is projected onto the image plane with the
size of 352x240 by the perspective projection model. The focal length and lens dimension of a
camera are set by the specifications of AXIS 214 PTZ camera. The frame rate is set to 5
frame/sec considering the detection and tracking time, and the required frames for the velocity
estimation are set to N = 3.
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Fig. 10. The variation of the zooming level according to the variation of object velocity variation and
the time of maximum zooming level.

The effect of object velocity variation according to the time of maximum zooming level is
illustrated in Fig. 10. T, denotes the time of the maximum zooming level and the line of

Av =0% represents the original zooming level of a motion box without object velocity
variation. It is assumed that the zooming time is linear to zooming level in this analysis for
simplicity. However, as the degree of object velocity variation increases, a required zooming

level decreases more than the original zooming level. For example of T, = 3 seconds, the
m

required zooming level is lower than the original zooming level of a motion box. Then, it may
fail in tracking a target because a target can be out of a motion box with the original zooming
level. Thus, a system decreases the original zooming level of a motion box as finding the
equivalent zooming level of a required zooming level. When object velocity variation is 2%,
the maximum zooming level is set to the zooming time of 2.5 seconds in the conservative way
to prevent the failure of tracking. Also, the simulation results demonstrate that a camera with
fast maximum zooming is less sensitive to object velocity variation.

O Av=0% O Av=0%
—a— Av=2% —a— Av=2%
O Av=5% O Av=5%
—8— Av=10%

—8— Av=10%

v Av=20%

v Av=20%
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Zooming time (sec.)

(a) Object velocity v=1m/s (b) Object velocity v=3m/s
Fig. 11. The effect of object velocity variation with sz = 3 seconds according to an object velocity

1 15 2 25 3
Zooming time (sec.)

Eoon E5 Excs=
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when a camera has a top-down perspective.
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(a) Tilting angle 30° at (45m, 20m, 34.64m) (b) Tilting angle 45° at (45m, 11.72m, 28.28m)
Fig. 12. The effect of object velocity variation with sz = 3 seconds according to a camera perspective
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when an object movesat V=2m/s.

The effect of object velocity variation also varies according to an object velocity and a
camera perspective. Fig. 11 illustrates the zooming level according to an object velocity. As an
object moves faster, the zooming level is more restricted by the required frames for the next
velocity estimation. Also, Fig. 12 illustrates the zooming level according to a camera
perspective. As a camera perspective is more tilted, the zooming ratio is more restricted by the
size of a target on the image.

The worst case of velocity
estimation due to detection variation

detection variation j

Ad pixels of

————— Actual path of a target
— - —)> Estimated velocity of a target

Fig. 13. The illustration of the effect of detection variation on zooming level.

Detection variation during N frames also creates the estimation error for an object velocity
and it can affect the determination of the zooming ratio as shown in Fig. 13. The amount of
detection variation is denoted by Ad and it represents the number of pixels from the centroid
of a target. The effect of the detection variation can be negligible due to the maximum
zooming level determined by considering the object velocity variation. However, the detection
variation becomes significant when the maximum zooming level with the object velocity
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variation cannot incorporate the effect of the detection variation. The worst case of velocity

estimation occurs when a target is detected at the boundary of a detection variation in the
diagonal way.
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Fig. 14 illustrates the effect of detection variation with the worst case of velocity estimation
according to object velocity variation. When Ad =0, object velocity variation is a dominant
factor on determining the zooming level. Otherwise, the effect of object velocity variation on
the zooming ratio is incorporated into the effect of detection variation and the effect of
detection variation is a dominant factor on determining the zooming level. Fig. 15 shows the
average effect of detection variation with the uniformly generated detection variation within
Ad . The zooming level is slightly improved because the worst case of velocity estimation is
hardly occurred during N frames.

3.3 Active Tracking with Adaptive Zooming Steps

Zooming point

—--—--» Actual path of a target
— - —> Estimated velocity of a target

Fig. 16. The illustration of a piece-wise linearized object model.

When the unknown factors of object velocity and detection variation are considered, the long
prediction time by one step zooming compromises the zooming level. In order to maximize the
zooming level against the unknown factors, a piece-wise linearized object model is used as
shown in Fig. 16. A piece-wise linearized object model also prevents the failure of active
tracking against the object velocity and detection variation. The basic assumption is that an
object normally moves at the constant velocity in a surveillance region. It simplifies the model
estimation of a target without prior model information and the estimation error of a target is
minimized. This model has the benefit of shortening the estimation time of an object model
because the complex pattern of an object model can be approximated to the linear segments.
Since most of objects usually move straight in a surveillance region or along with paths, it is
not critical for active tracking to fail due to the inaccurately linearized model. As an object
trajectory is finely divided, the velocity estimation error is minimized. Also, the faster the
zooming time of a camera, the more the estimation error during the zooming time is reduced.
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Fig. 17. Hlustration of step size determination.

The system can zoom in a targeted object by the fixed number of multiple steps. However,
repeated estimation processes for the velocity of a targeted object affect the performance of the
multiple steps based active tracking. Especially, when a targeted object moves slowly, the
multiple steps may not be necessary. The one extreme case is that target speed is relatively
faster than the camera movement speed. Because the inaccuracy of the predicted zooming
location increases during the slow camera movement, it restricts the zooming level to
compromise the inaccuracy of the predicted location at each step and requires multiple steps.
On the other hand, when target speed is relatively slower than the camera movement speed, the
fast camera movement shortens the amount of prediction time and reduces the inaccuracy of
the predicted location. The proposed method achieves the maximum zooming level by a few
steps.

The number of zooming steps is determined by considering the effect of the object velocity
and detection variation to adaptively cope with unknown object dynamics. The zooming level
of a motion box is calculated by (4). However, the required zooming level to incorporate the

effect of them is affected by the zooming time (i.e., T, ) as shown in Fig. 14. As a system sets

the higher zooming level initially, the effect of them also increases due to the increased
zooming time and the possible zooming level becomes smaller than the initial zooming level

as illustrated in Fig. 17. z;m denotes the calculated zooming level of a motion box with

zooming time sz and zzrm denotes the required zooming level to incorporate the detection

'
Zm

variation and the velocity variation. In order to track a target successfully, z, is revised in the

conservative way to incorporate the effect of them. zzru denotes the adaptively determined

zooming level with zooming time TZO . Therefore, the system adjusts the size of a motion box
at each step by considering the object velocity and detection variation.
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Fig. 21. The required zooming ratio of the required zooming level to the motion box to compensate for
detection variation according to the distance between an object and a camera when T, = 3 seconds,

Av=0% and v=2m/s.

Fig. 18 shows the required zooming ratio of the required zooming level to the original
zooming level of the motion box to compensate for object velocity and detection variation.
The same simulation setup to the previous section is used. The original zooming level is
obtained by the simulation when Av=0 and Ad =0. The ratio is affected by Av when
Ad = 0. Otherwise, the simulation results show the similar ratios for three different Av when
Ad = 0. It indicates that the ratio is highly dependent on detection variation. Also, Fig. 19,
Fig. 20 and Fig. 21 show the simulation results for the ratio according to object velocity,
camera perspective and the distance between an object and a camera respectively. They
demonstrate that the patterns of the ratios are similar to each other and they are more
dependent on detection variation.

A system determines zzro according to the expected detection variation and object velocity
variation. ero is obtained by multiplying the required zooming ratio to zzrm and the

corresponding zooming time for this step is TZo . When the ratio is 1, the required zooming
level is equal to the zooming level of a motion box. The termination of adaptive zooming is
triggered by the desired zooming level or the exit of a targeted object from an image. z,
denotes the desired zooming level given to the system. If the new zooming level is equal to or
lessthan z, , the center coordinate and the size of a motion box are determined by considering

only the next predicted location of a targeted object without the consideration of the next
velocity estimation. Another termination condition is to use the difference between the
previous zooming level and the new zooming level. In practice, the zooming process for the
small change in zooming level is unnecessary. When the zooming process terminates, the
system returns to the sector based scanning and selection to track other objects.

4. Integration and Evaluation

4.1 System Integration
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Fig. 22. The illustration of the flow chart of the proposed active tracking system.

The processing flow of the proposed active tracking system is illustrated in Fig. 22. The initial
information is set in the system, such as the camera information for the normal state, the sector
information, the desired maximum zooming level, and the expected velocity and detection
variation. The system begins the background modeling for target detection. Once the
background information is stabilized, the system detects and tracks targets. After one target is
selected by the sector based scanning, the initial zooming level and location without
considering a motion box are calculated by estimated target velocity on an image. Then, their
values are recalculated to compensate for the effect of prediction error, velocity variation, and
detection variation. If the revised zooming level is higher than or equal to the desired zooming
level, the system zooms in the selected target at the desired zooming level and returns to the
normal state. Otherwise, the zooming level and location for a motion box are calculated. Their
values are also recalculated to compensate for the effect of prediction error, velocity variation,
and detection variation. After the system zooms in the selected target with the calculated
zooming level, it tracks the selected target by using color histogram. Then, the system repeats
the zooming process for the selected target until the calculated zooming level is satisfied with
the desired zooming level or it fails in tracking the selected target with color histogram. Once
the calculated zooming level reaches the desired zooming level, the system also returns to the
normal state.

4.2 Algorithm Evaluation

In order to highlight the advantage of the proposed method, the determined zooming level with
a finite amount of zooming time is compared with the simple non-stepwise zooming by the
simulation. The frame rate is set to 5 frames/sec and object velocity is estimated with 3 frames
in the simulation. The zooming level with the simple non-stepwise zooming is determined by
calculating the minimum box including the target when the allowed tracking time is fully
utilized. A camera is placed at (x = 0m, y = 40m, z = 40m) with a top-down perspective for the
worst case of object velocity variation. The maximum zooming level is set to 20 in 3 sec and
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the time characteristic for zooming is assumed linear. Fig. 23 shows the simulation results on
an image plane according to object velocity variation when detection variation is zero. The
x-axis and y-axis on the image plane follow the conventional image origin (i.e. top-left origin).
It demonstrates the proposed method achieves higher zooming level in shorter time than the
simple non-stepwise zooming. Also, the amount of zooming time is not proportional to the
zooming level. Although sophisticated estimation techniques are used with given zooming
time, the zooming level is restricted by object velocity variation.
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Fig. 23. The performance comparison in terms of zooming level when allowed tracking time is 5 sec
and object speed is 2 m/s with Ad = 0 pixels.

Fig. 24 shows the comparison with the simple non-stepwise zooming according to object
speed and velocity variation when the detection variation is zero. The maximum zooming
level for each velocity variation is obtained from Fig. 14. The simulation results show that the
proposed method achieves the maximum zooming level regardless of object speed. It
demonstrates that the proposed method tracks the target with the adaptive zooming steps even
for fast moving targets. On the other hand, the simple non-stepwise zooming is severely
affected by object speed and velocity variation.
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Fig. 24. The performance comparison of stepwise and non-stepwise approach according to object speed
and velocity variation when allowed tracking time is 5 sec with Ad = 0 pixels.
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Fig. 25 and Fig. 26 show the comparison with the simple non-stepwise zooming when the
detection variation is incorporated. In Fig. 25, the black solid line indicates the original target
trajectory without the detection variation and the black dots indicate the detected location with
the detection variation. The amount of the detection variation is randomly generated within the
specified variation. While the proposed method achieves the maximum zooming for each
detection variation, the simple non-stepwise zooming is severely affected by the effect of
detection variation.

4.3 Experiment

A camera (i.e. C,) is installed to observe the surveillance region about 50m away from objects

in order to verify the proposed method. An extra camera (i.e. C,) continuously observes the
entire view of the surveillance region to show the trajectories of objects for the verification.
The required zooming ratio of a motion box is obtained by simulating the effect of detection
and velocity variation as described in the previous section. For the simulation parameters, sz

is set to 3 seconds and the frame rate is set to 5 frame/sec considering the specification of the
used an AXIS 214 PTZ camera and a PC Pentium(R) D CPU 2.80 GHz with 3.5GB of RAM.
Also, Av is set to 5% and Ad is set to 4 pixels considering the path of the surveillance
region and the detection performance. Table 1 shows the required zooming level of a motion
box by considering the effect of the specified detection and velocity variation. The table
indicates the maximum zooming level of a motion box is limited to 10 due to the effect of
them. If the calculated size of a motion box is greater than 10, it is set to 10 to avoid the failure
of the active tracking. Thus, the number of sectors on an image is set to 3x3 with the image

size of 352x240.

Table 1. The required zooming level of a motion box by the simulation when AV is setto 5% and
Ad s set to 4 pixels.

Zooming level by Required Required
(2) and (4) zooming ratio zooming level
1 1 1
2 1 2
3 1 3
4 1 4
5 1 5
6 1 6
7 1 7
8 1 8
9 0.95 8
10 0.8 8
11 0.67 7
12 0.6 7
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Fig. 27. Simulation results of the proposed method (the first, third, and fifth row of frames are captured
by camera C, and the others by camera C,).

Fig. 27 shows the simulation results of the proposed method for the active tracking. Frame
numbers in the figure are counted in terms of camera C,. Each blue rectangle in images by

camera C, indicates a corresponding target which is selected for the active tracking in camera

C,. At frame #1509, two targets are initially detected and one target is selected by the

scanning strategy. Once the velocity of the selected target is estimated, the zooming level of a
motion box is calculated by (2) and (4). The initial zooming level of the motion box is 7 and it
is the same as the required zooming level by Table 1. Because the location and size of the
motion box are calculated by considering the next step zooming, the selected target is zoomed
in and captured at the boundary of the image as shown in frame #1552. After the selected
target is tracked by using the color histogram and the velocity of the selected target is
estimated in the zoomed image, the next zooming level of a motion box is calculated. The
calculated zooming level is 14 and is higher than the maximum zooming level, the next motion
box does not need to include the space for the next step zooming. Thus, the zooming level is
bounded to the maximum zooming level of 10 and the required zooming level is set to 8 by
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Table 1 and it is zoomed in again at the maximum zooming level of 10. Frame #1584 shows
the zoomed target with the maximum zooming level. For frames #1838 and #1920, the
calculated zooming levels for the selected targets are higher than the maximum zooming level
and they are zoomed in at the maximum zooming level at once as shown in frames #1863 and
#1991 respectively. Frames #2183, #2220 and #2228 show another case of two-step zooming.
Due to the size of a selected target, the first zooming level is determined to be 4. After the
selected target is tracked by the color histogram, the second zooming level is determined to be
8. Frames #3381, #3396 and #3404 show the incorrect prediction of the location because the
selected target changes the direction suddenly. However, the selected target is included in the
zoomed image because the changed direction does not deviate from the expected velocity
variation. The last two frames #3827 and #3883 also show the successfully zoomed target at
the maximum zooming level at once.

5. Conclusions

The paper presents the single PTZ camera based active tracking system with the sector based
scanning. The time it takes to track each object is minimized to increase the support for
multiple targets. The system tracks the target trajectory with the piecewise linearized object
model against unknown object dynamics. The fast trajectory estimation copes with fast
moving targets and/or slow camera movements. The required zooming level at each zooming
step is adaptively determined by incorporating the effect of the object velocity and detection
variation. The analysis including the effect of the both variations indicates the detection
variation is dominant factor in determining the zooming ratio and it is more important to
minimize the detection variation when estimating the zooming location. The real-time
experiments prove the effectiveness of the proposed method for the expected object velocity
and detection variation.

For future work, the sector based scanning will be improved by learning the pattern of
object trajectories. Since the proposed method gives the equal priority for each sector, it may
scan unnecessary sectors where targets do not often appear. The pattern of object trajectories
can be used to set the different priorities for sectors. In addition, it can be used to cope with
unexpected object velocity variation at sectors having the corners of paths. Moreover, the
proposed method can be extended to the active tracking system with multiple PTZ cameras to
increase the coverage of the surveillance system and the number of tracked targets.
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