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Object Tracking and Motion Prediction Technology for Digital Camera
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ABSTRACT

Focusing at a moving object accurately is difficult and important to take a photo of the target

successfully in a digital camera. Because the object often moves randomly and changes its shape
frequently, position and distance of the target should be estimated at real-time so asto focus at the objet
precisely.

We propose a new method of real-time object tracking to do auto-focus for moving target in digital
camera. Particle filter is used to deal with problem of the target object’s random movement and shape
change. Color and edge features are used as measurement of the object’s states. Parallel processing
algorithm is devel oped to realize real-time object tracking easily in hardware environment of the digital
camera. Motion prediction algorithm is also proposed to remove focus error caused by difference
between tracking result and target object’s real position. Simulation and experimental resultsin digital

camera demonstrated effectiveness of the proposed method.
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7/ Introduction

Focusing at a moving object accurately is difficult and
important to take a photo of the target successfully in
digital camera. As shown in Fig. 1, to take a clear photo
of abird marked by arectangle, it is necessary to focus at
the bird accurately and quickly. Because the bird flies fast
and changes its shape frequently, it is difficult to focus at
it precisely. Although digital camera has auto-focus
function, one often takes poor photo because of miss-
focusing the moving target object.

1-1  Problems of moving object auto-focus

Two auto-focus methods are often used in digital
cameras. One is phase difference auto-focus method.
Another is contrast auto-focus method.

1-1-1 Phase difference auto-focus

Many single lens reflex cameras use phase difference
method to do AF (auto-focus). The method uses optical
lenses and sensor to detect object distance and focus
position. The lenses and sensor are only used for AF,
which are different from main lens and sensor.

Two separate lenses are used to image target object as
two images at different places in AF image sensor plane.
Distance between the two images in AF sensor image
planeis used to detect object distance and focus position.

Fig. 1 Auto-focus of moving target object. Rectangle is
focus target area.

Because the optical system is separated from main lens
and sensor, object distance and focus position can be
detected in real-time.

Although it isareal-time auto-focus method, focus area
should be set on the target object correctly. If target object
moves out of preset target area, camera will focus at
background or other objects and target object image will
be blurred.

1-1-2 Contrast auto-focus

Compact digital cameras often use contrast to do auto-
focus. Video stream for AF (Auto-Focus) is inputted as
camera lens scans forward and back to search focus
position where target image area has the highest contrast.
Since the lens should scan forward and back, it takestime
and auto-focus speed islow. Thetarget object areais often
set at center of image plane at first. Then auto-focus is
made in this area and focus position is locked at detected
focus position until photo istaken. If object moves quickly,
it will go out of preset focus area when photo is taken.
Camerawill focus at background or other objects.

By both phase difference and contrast auto-focus
methods, if target object moves quickly, camerawill often
fail to focus at the target. In this case, camerawill focus at
background or other object so that target object image is
blurred.

Because it is difficult to set focus area of the moving
object in real-time, these two AF methods often fail to
focus at the moving target.

We propose a new real-time object tracking method to
set moving target object area both accurately and quickly
to do AF successfully to reduce failure photos.
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1-2  Object tracking for auto-focus

Many object tracking methods have been proposed?.
Object tracking is to find target object areain each frame
after setting the object area at first frame. Mean-shift is
used to do object tracking®®. Mean-shift object tracking
uses local search by iteration. This method can find target
area quickly. But it may fall into local minimum and fail
to track the object when background is cluttered or target
object moves quickly. Kalman filter is also applied to
object tracking®. Kalman filter object tracking method
assumes that object states change is linear and statistical
distribution of the object is Gaussian. This method can
track object very well when state change is linear and
statistical distributionisGaussian. But it isdifficult to deal
with problems of target object’s random movement and
shape change when auto-focus is made in digital camera
because this is a non-linear, non-Gaussian case.

Particle filter is used to do object tracking. Because
particle filter tracking uses non-linear and non-Gaussian
model, it can deal with problems of random movement
and shape change®”. However calculation cost of this
method is very high. Particle filter method uses many
particles to estimate states of target area. It takes alot of
time to calculate features and weights of the particles.
Embedding particle filter object tracking algorithm in
digital camera faces problem of calculation cost. A digital
camera has avery low speed CPU and it is very difficult
for the CPU to perform real-time object tracking
accurately by this method.

We propose to use YUV color information and particle
filter to do real-time object tracking in digital camera.
Parallel processing algorithm is developed to realize real -
time particle filter object tracking easily in hardware
environment of the digital camera. Features and weights
of particles are calculated in paralldl.

The proposed object tracking algorithm is embedded in
digital camera, using SIMD processor to enforce parallel
real-time processing. The hardware can be used efficiently
by our algorithm. Features of multiple particles are

calculated at sametimein parallel. Several look-up tables
are designed to make calculation of particle filter tracking
more quickly without losing tracking accuracy. Both CPU
and SIMD processor are used together to do rea-time
particle filter object tracking. Experimental results in
digital camera demonstrate effectiveness of the proposed
method.

1-3  Motion prediction

When target object moves quickly, focus error will be
caused by difference states of object between tracking
results and states of real position when the photo is taken.
After getting tracking result, it takes some time to control
camera to do exposure and release shutter to take photo.
During this period of time, the target object has moved to
other position. Focus error will be caused by position
change.

We propose using motion prediction to remove focus
error caused by the time difference. 3 dimensional object
tracking in (x, y, z) space is used to do object motion
prediction.  Polynomial  fitting prediction  and
magnification prediction methods are used to do motion
prediction.

Video files taken by the digital camera are used to do
experiments to confirm effectiveness of 3 dimensional

trackingin (x, y, z) space and object movement prediction.
OO0

Fig. 2 Prediction, measurement and estimation of object
statesin Particle filter object tracking.
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This paper is organized as follows. In Section 2 Real-
time particle filter tracking and the parallel processing
method we proposed for auto-focus in digital camerais
explained. Section 3 describes target object motion
prediction by 3D tracking. Section 4 presents embedding
real-time object tracking algorithm in digital camera,
experimental results of real-time object tracking made by
digital camera, experimental results of object movement
prediction made by video files of digita camera are
explained. Finally, Section 5 gets conclusion and
discusses the results and open issues for future research.

Real-time object tracking for auto-
focus of digital camera

As shown in Fig. 1, to do auto-focus of target object
areamarked by the rectangle, it is necessary to specify the
areaat rea-timeindigital camera. In our proposed method,
real-time object tracking is used to get target areafor each
image frame. Because the target object moves both
quickly and randomly, changes its shape frequently, it is
difficult to track the target. Cluttered background and
similar objects next to the target make it easy to lose the
target. In our method, particlefilter object tracking isused
to deal with these problems*".
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Fig. 3 Propagation and estimation of particles.
Rectangle of solid line means estimated target
area. Rectangles of broken line are sampling
particles set.

2-1  Particle filter object tracking

Particle filter object
measurement and estimation processes to do object

tracking uses prediction,

tracking. Asshownin Fig. 2, state of object at timez, S;, is
estimated by prediction of state S.; and measurement
results of Y; at time ¢. S1 is start state. As shown in Fig. 3,
target areais selected and set at first framein which object
state is S1. Object tracking starts from next frame. State of
the object of the target area at time¢, S;, is estimated by a
weighted sample set
distribution of the object, which is expressed by Equation
(1). Estimated state E[S] is a weighted average of
sampling particles. w, is weight coefficient and s, is

to approximate probability

state of particle k.

HS]= Y S, @

In our algorithm, state S; is defined by Equation (2) as
bellow,

S=Y V.V, W, H M| (2)

V  and

X

Vy are speed of the target, in x and y direction. W, H are

width and height of target area. M is magnification of

Where (x,y) are position of target area,

target area.

Color features of (Y, U, V) are used to measure state of
the target in our proposed method. Because (Y, U, V)
features can be obtained in real-time in digital camera
from hardware, this feature data can be inputted more
quickly than other features, such as (R, G, B) features.
Component of (Y, U, V) can be used separately to increase
processing speed, making trade-off between performance
and processing speed. For example, we can only select Y,
intensity information, to get the highest processing speed.
Or make combination of (Y, U), (Y, V) or (U, V) to get mid-
way performance and processing speed. Relation between
(Y, U, V) and color component (R, G, B) is expressed in
Equation (3).
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Y 0.299
U |=|-0147
14 0.615

0587 0.114[R
~0.289 0436|G (3)
~0515 0.100| B

Color histogram of (Y, U, V) in target area is used as
object model. Rectangle areais used as target area which
is defined by width W and height H. Histogram is
calculated by using weight kernel function to reduce
influence of background, which is expressed in Equation

4.
(4)

fZ ,{y

p is value of color histogram of bin «. The color
histogram is calculated in arectangle area of width 7 by
height H. y is position of the rectangle's center. x; is
position of image pixel in the rectangle area. ¢ is
normalization parameter. M is magnification of image.
o0 is Kronecker delta function. k(r) is weight kernel
function which is defined as bellow by Equation (5).
Weight kernel function is used to reduce influence of
background. i(r) is 1 at center of the target area and O at

edge of the target area.
riir<1

k(r)= { (5)

0: otherwise

Similarity p[ p,q] between color histograms p and ¢
is defined by Equation (6).

Alp.ql= Z “q® 6)

Distance d between color histogram features is defined
by Equation (7).

d=,1- P[PaQ] (7)

We useweight function w, of particlein Equation (1),

which is defined by
1 _d? 1 _(=plp,(k).q])

262 _ o2
w, = me 20° = 2 (8
O isparameter of variance. ¢ is target histogram and
p, (k)
propagation formulais defined by Equation (9).

is histogram of candidate area. Particle

Sl = ASt—l + nt—l (9)

S

is propagation equation. 7, ; israndom noise. Gaussian

, isstateattimerand S, , isstateattimes7. A4
noise is added here.

Particles are resampled according to weight function
w, . Particle of small weight is deleted. Particle of big
weight isreplicated. Total particle number is not changed.

Model is updated by Equation (10).

Qz(u) — (l— a)q til(ll) +0.17(u) (10)

where p™ is model of estimated state. ¢ s rate
parameter of estimated model. ¢, ismodel at time+.
It similarity between estimated state p® and ¢, ,*
model at time ¢-1 is bigger than a threshold value, model
is updated by Equation (10). Otherwise,

will not be updated.

a time ¢,
model ¢,

2-2  Parallel processing for real-time particle

filter tracking

As shown in Equation (1), to get tracking results by
particle filter, weight function of N particles should be
calculated. Because many particles around target area
should be used, as shown in Fig. 3, calculation cost isvery
high. As analyzed from Equation (4) to Equation (8), to
calculate weight function of Equation (8), at first, color
histogram should be calculated, which is the most time
consuming part. Then similarity and weight functions
should be calculated. CPU speed and data transfer speed
of digital cameraare much lower than that of PC. Itisvery
difficult to only use CPU to do real-time processing of
particle filter tracking.

As shown in Equation (1) and Fig. 3, N particles are
features of which can be calculated
separately. We use this property to do parallel rea-time

independent,

processing. SIMD processor of digital camerais used to
calculatefeaturesof particlesin parallel, which can reduce
processing time to realize real-time processing.
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Motion prediction by 3D object tracking

3-1 Time delay and focus error

When tracking result is obtained, target area is set by
the result and phase difference AF or contrast AF method
can be used to auto-focus. However, it takes some time to
shift lens to focus, release shutter, exposure and take the
photo. Therefore there is time difference At between
time we get tracking result and time we take the photo.
Because target object moves quickly, during time At
target will move to different place from the area of
tracking results.

In this case, camera will miss focus at background and
image of the target will blur. We proposed a3 dimensional
tracking method to predict object movement to remove

focus error.

YA
S(x,y,2)

:At
X
(0]

S1(X1, Y1, Z1)

Fig. 4 Motion prediction of target areain (x, y, z) space
from state of tracking results to state of real
position when photo is taken. Afr is time
difference.

3-2 3D object tracking and motion prediction

As shown in Fig. 4, object tracking resultsis S¢x, y, z),
where (x, y) are position of target area and z is object
distance between target object and the digital camera.
S1(x1, y1, z1) is state when the photo istaken. Af istime
difference. State S is predicted by 3D object tracking.

Fig. 5 shows how camera lens images target area onto
image plane and how camera parameters affect motion
prediction results. From similar trianglesrelation, we have
equations of (11) and (12).

H_H, (11)
u \%
H

H_Zu (12)
Uy Vi

H is height of target area and H, is height of its image
on image plane. u is target object distance from camera
when tracking results is obtained and v is its image
distance. u; is distance of object when photo is taken and
v1 IS its image distance. From Equation (11) and (12) we
have Equation (13).

Hv vl

u, =u —

! Hvl v (13)
S(xl Y, Z) Sl(xl! yl, Zl) 4 Lens
A— A
I = \F}
HV Hvl

u 74

< > |l ——>

u Y 151

Fig. 5 Optica parameters for motion prediction.

Using lensformula, we have equations of (14) and (15).

1,11
LT F (14)
1,1_1
u1+v1 F (15)

Combining Equations (13), (14) and (15), we have
Equation (16), from which u4, real distance of object when
photo is taken, can be obtained. We know height of object
in image H,, foca length F of camera and distance u of

object, where u can be obtained from contrast AF or phase
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difference AF when we get tracking results. Distance
calculation error caused by object height prediction error
isanalyzed in Equation (17).

When abject isfar away and distance u isbigger enough
than focal length F, Equation (16) can be approximated by
Equation (18). Distance calculation error caused by object
height prediction error is analyzed in Equation (19).

H H,-H,

U =u—"—+F
Hvl H\fl

(16)

By differentiating two sides of Equation (16), we have
Equation (17).
HV

Auy = (F —u) H‘,lz 4H )]
H,
U Ru H‘tl 18)

By differentia of two sides of Equation (18), we have
Equation (19).

H,
Au, =u——">5AH (19)

2
vl

In Equation (16), H,1 of object size in image plane
should be predicted. H,1 can be calculated by Equation (9),
propagation formula. From tracking results, we can get
state information by Equation (2). M is magnification of
target area. Image height H,, can be predicted by M and
H,.

To reduce error caused by noise, we propose to use
polynomial approximation to predict H,1. Coefficient of
polynomial are calculated from last several frames
tracking results. Asshown in Fig. 6, height of target object
is predicted by polynomial. H,; can be predicted by
polynomial coefficients.

Polynomial formula is described in Equation (20). H,,
is tracking result height in image frame m. ¢ is time and
a, is polynomia coefficients. Equation (20) can be
rewritten by Equation (21), where H is data vector, which
is expressed in Equation (22). A and T are expressed in
Equation (23) and (24). Polynomial coefficient A can be
obtained by least squares approximation as Equation (25).

H, =a,+at+at +..+a_t" (20)
H=TxA (21)
-
T (22)
i,
a |
A= (23)
a, |
Distance

A

d+Ad

U

» Time
t  t+at

Fig. 6 Polynomial approximation to predict movement

of object.
1ot 1.t
14 62 .4
T=|11¢ t° . & (24)

A=(T'T)*T™H (25)

H,,, height of target area can be predicted by
polynomia coefficient A and Equation (20) when time
difference At isinputted. Distance of predicted objectis
calculated by Equation (16) or Equation (18).
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2] Experiment and results

4-1 Embedding real-time object tracking in

digital camera

Real-time particle filter object tracking algorithm is
embedded in Ricoh digital camera CX. The camera has
main CPU of 162 MHz to be used to run object tracking
program. The camera has a SIMD processor which has
1024 registers of 512 bit width.

Propagation function which includes calculating color
histogram of Equation (4), similarity of Equation (6) and
weight function of Equation (8) are embedded by CPU
and SIMD processor, features of particles are calculated
inparallel.

Several look-up tables are used to reduce processing
time. In Equation (4), distance r is calculated by a 2
dimensional look-up table. A one-dimensional look-up
table is used to calculate square root function in Equation
(6). A one-dimensional look-up table is used to calculate
exponentia function in Equation (8) to get particle weight
function.

4-2  Experimental results of real-time object

tracking in digital camera

Object tracking experiment by the camera was made to
show effectiveness of the proposed method. Processing
time and tracking performance were tested by the camera.

(a)

(b)

@)

Fig. 7 Evaluation test of rea-time object tracking in
front of simple background of different frames (a),

(b), ().
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()

Fig. 8 Evauation test of rea-time object tracking in
front of cluttered background of different frames

@, (b), ().

As shown in Fig. 7 and Fig. 8, target object of a dog
plateis put on astage which ismoved periodicaly left and
right. The target object can be moved at preset frequency
to test object tracking performance. Image sizeis 320x240
pixels. Target areasizeis 60 by 60 pixels, whichis marked
by rectangle. Particle number is set as 60. Fig. 7 is atest
case in which target object is set in front of a smple

background. Fig. 8 shows atest casein which target object
isset in front of a cluttered background.

Table 1 shows testing results of processing time of
particle filter object tracking in the digita camera
Reselect function include resampling particles according
to its weight values. This function does not take much
time. CPU + SIMD did not increase processing speed.
Observe function includes calculating color histogram,
similarity and weight function. This function is the most
time consuming part. CPU + SIMD parallel processing
mode is 5 times faster than CPU only mode. For Model
Update function, parallel processing mode is 5 times
faster than CPU only mode. Total processing timeis 44.3
ms, 5 times faster than that of CPU only mode. In digital
camera, processing time is about 60 ms, which includes
data transfer time.

Performance of proposed red-time particle filter
tracking is tested by digital camera. Target object was
fixed on a stage unit which is moved periodically left and
right. The stage can be moved at preset frequency. As
shown in Fig. 7 and Fig. 8, the target object was fixed on
the stage which is moved with frequency of 0.5 Hz, 1.0
Hz, 1.5 Hz and 2.0 Hz. Targetsin front of both simple and
cluttered background are tracked and tested. At firgt,
target area was set by rectangle area, as shown in Fig. 7
(a) and Fig. 8 (a). Then turn on switch of the stage to start
moving the target object left and right. If tracking is
successful, rectangle will be marked on the target area.
Total times of successfully tracking the target are counted
during a period of time. Because the object is moved left
and right, it is a non-linear motion which is near random
movement. Images of Fig. 7 (b) and Fig. 8 (b) are blurred
because stage moved the most quickly when the dog plate
isat center of image.
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Table1l Processing timetest results of CPU mode and
SIMD + CPU mode.

Processing Time (msec)
Functions
SIMD + CPU CPU
Reselect 2 18
Observe 415 205.9
Model Update 0.8 35
TOTAL 44.3 221.2

Table2 Tracking performance evaluation test results of
parallel real-time object tracking in digital

camera.
Object tracking results
Background | (Successtimes/Total times, Test time:16 seconds)
condition
0.5Hz 1.0Hz 15Hz 2.0Hz
Simple
background 8/8 16/16 24124 16/32
Cluttered
background 8/8 16/16 12/24 16/32

(a)

(b)

(0

Fig.9 Tracking results for movement prediction.
Rectangleisobject tracking result. (a) frame 1, (b)
frame 60, (c) frame 100.

We set the period test time of 16 seconds. Test results
are shown in Table 2. As frequency increased, successful
times of tracking decreased. Cluttered background also
reduced tracking accuracy.
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4-3  Experimental results of object motion

prediction

Experiments of motion prediction were made by videos
taken by digital camera to show effectiveness of the
proposed method.

As shown in Fig. 9, target was moved from a known
distancetowardsdigital camera. Asthe object was moved,
video wasrecorded by digital camera. With the video file,
object tracking and object movement prediction
experiment is made. Target object area is selected as
rectangle area. Then object tracking of the target area and
movement prediction are made with PC.

Particle filter tracking described in section 2 is used to
track the target. Particle number of 2000 is used. Image
size is 1280x720 pixels. Movement prediction is made
with proposed method of section 3. Tracking results are
used for object movement prediction.

Experimental results are shown in Fig. 10. Vertical axis
is distance of target from camera. Horizontal axisisframe
number which is proportional to time. Graphs show
tracking results, magnification prediction results and
polynomial approximation prediction results. Target
Object is moved starting from distance of 70cm from
camera. Distance from tracking results is calculated by
Equation (18). Distances of object predicted by both
magnification prediction and polynomial approximation
prediction are shorter than the distance of tracking results,

because the object was being moved towards camera.

Tracking results
Magnification prediction
e = == Polynominal prediction
80
70 F%
'\”
50 7
40 \
—
30 ‘1\
20
H O~ M A0 MO0 m
—H NN IO O~ 00O A
—
Fig. 10 Target object movement prediction results.

Vertical axis is distance (cm) from camera
Horizontal axisis frame number of video.

Magnification prediction used tracking results directly
of last frame to predict movement of next time. As shown
inFig. 2and Fig. 3, states of Equation (2) can be estimated
from measurement data by particle filter tracking. M is
magnification of target area sizeto that of last frame. It is
used directly to predict size of target areain next frame at
At timelater. In Fig. 10, distance of the target object of
2 frames ahead is predicted by magnification prediction
method. Curve of solid lineistracking results, broken line
means prediction results.

Polynomial approximation method is used to do object
movement prediction. Several frame tracking results are
used to do polynomial approximation. InFig. 10, 5 frames’
tracking results were used to calculate 3 order polynomial
coefficients. Size of target area, 2 frames ahead, is
predicted by Equation (20), and distance is calculated by
Equation (18). Time difference At can be gotten from
camera parameter. Focus position can be preset by the
predicted object distance to reduce focus error caused by
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time difference. Polynomia approximation prediction
results are plotted by curve of broken line.

Object distances of Atr time later predicted by both
magnification prediction method and polynomial
approximation method are shorter than the distance of
current tracking results because the object was moving to

the camera.

Conclusion

A real-time parallel object tracking method is proposed
to track a quickly moving target object for digital camera
auto-focus. This method can solve problems of shape
change and random movement of target object. This
algorithm is embedded in digital camera. SIMD registers
are used to do parallel processing of calculating features
of particles. Movement prediction method is proposed to
remove focus error caused by time difference between
tracking results and real state of target object when photo
is taken. Experimental results show that by using SIMD
paralel registers, processing speed increases 5 times,
which makes it possible to do rea-time tracking.
Processing time of less than 60 msin digital camera with
CPU of only 162 MHz is obtained. Experimental results
of tracking target moved by stage of controlled frequency
show effectiveness of the proposed methods.

Experiment of movement prediction is made to show
effectiveness of the proposed method. Both magnification
prediction and polynomial approximation prediction
methods were tested in the experiments. Movement
prediction effect was confirmed. Tracking results of target
area size H and magnification M are affected by noise,
which reduce movement prediction accuracy. For future
work, we will improve this.
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