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Abstract—Tracking multiple maneuvering targets remains a
challenge because of clutter and spurious targets. We propose a
Signature Driven multiple target Tracking (SDT) method which
uses target signature in spectral, spatial and temporary spaces as
well as the Markov property of target movement, so that the data
association process in SDT is very efficient and effective. The
experimental results have shown outstanding performance.
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L INTRODUCTION

Data association for multiple target tracking has always
been a challenging research topic. Multiple Hypothesis
Tracking (MHT)[1,2] is regarded as the best multiple target
tracking algorithm. The fundamental idea is to make use of the
temporal information of the target measurement through the
track scores which are accumulated over time. However, it is
based on hypothesis-test principle. The performance becomes
poor when the number of targets and amount of clutter
increase-too many hypotheses complicate the algorithm.

We have proposed and developed a Signature-Driven
multiple target Tracking (SDT) algorithm which uses the
spectral, spatial and temporary features of the target to reduce
the number of hypotheses and to increase the adaptability of the
algorithm.

In what follows, section II provides the background for
multiple target tracking, while section III describes our SDT
tracking algorithm. The experimental results are presented in
section I'V. Finally, section V is the conclusion.

II.  BACKGROUND

The multiple target tracking is based on single target
tracking together with data association for multiple
measurements.

A.  Single Target Tracking

In single target tracking, the state of a target is assumed to
be a first order Markov process on the state space y € R™ with
transition density p(xx,.;)[3]. This Markov process is partially
measured in the measurement space Z€E€ R™ with likelihood
pzix).

The posterior density at time f, p(x/|z;,), which is the
probability density of the state x, at time ¢ given all
observations z;,~(zj,...,z) up to time ¢ containing all the

information about the state x,, can be computed using the Bayes
recursion from the probability density p(x,|z;..;) at time #-1.

p(xz ‘lez—l ) = jp(xr ‘xtfl )p()CFI ‘Zl:ffl )dxt—l (1)
p(Z, “xt)pr‘lfl (xr ‘Zl:z—l) (2)
[Pz )Py, (5 |2 )t

In this paper, we assume each target follows a Gaussian
dynamical model, i.e.

p(x, ‘xz—l) =N (Xr;f;\z—l (x/—l )’Q/—l) (3)
p(zr‘xt):N(Zz;gz(xt)’Rt) (4)

where N(.;m,P) denotes a Gaussian density with mean m and
covariance P; f,.1(x.1), g(x,), Or1 and R,are dynamic transition

function, likelihood function, process noise covariance and
observation noise covariance respectively.

p(x|z,)=

B.  Modeling of image and video sequences

In the area of image and video processing[4,5], modeling
and analysis of image and video sequences has been a practical
solution for the extraction and tracking of targets. Before
launching the tracking algorithm, a target model base should be
properly defined and established. This may involve the study of
sensory system as well as the characteristics of target sensory
data with consideration of reflectance, target dynamics and the
characteristics of the clutter, etc. After that, a model base is to
be established. This model base should include the information
about the targets and clutter, such as, types of targets, the
signature, possible motion models, probability of occurrence of
each type of targets, the types of clutter, the signature of those
clutter and the probability of occurrence. In order to derive the
target model parameters, we may need to collect training data
samples and design proper training algorithms. For example,
certain type of aircraft may fly at certain speed and acceleration,
which can be characterized by Doppler signal.

In this paper, visual tracking of multiple fish among many
spurious targets in similar color and shape is taken as an
example. The detail will be given below.

III. SDT ALGORITHM

SDT multiple target tracking algorithm starts from the
‘Signature’ of a target. In this section, we will first define the
term ‘Signature’, and then will discuss the method of the
extraction of temporal, spatial and spectral features and other
aspects of the SDT algorithm.
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A. Signature of a target

The signature of a target o is defined as a data structure
from time a to time 7 as follows, in which a=max(z-N+1,s), s is
the emergence time of the target, and N is the length of time
series to be analyzed:

Signature (o, £)={L,,F,,K,,C,A;}={
Features at time ¢ {
Measurement Sequence: L=(V,,...,),);
Feature Sequence: F=(M,,...,N,);
Temporal Signature: K={&,(,\};
Spectral/spatial Signature: C~{p,1};
Overall belief of the signature (o) at time #: 4={6,v,};
0=, p(EIL)torp(MIF),
v L(TIL) ror L(TIF),
(,l)LyfF(DFyt:l
15
where j(j=a:f) is the index of time, and 7 is current time. The
equivalent status & at time #, which contains the information
about the target’s position, velocity and acceleration, can be
derived from N slices of measurement data L, either by
polynomial fitting or by difference, depending on the
magnitude of the measurement noise. The kinetics Markov
belief {,=p(&|L,) and the feature Markov belief x,=p(n|F) are
used to represent the temporal property and the spectral/spatial
property of the target. A=P(7lL;) and 1=P(T|F,) are the
probabilities that o is regarded as a target based on the
respective properties above.

B. Signature Gating

Markov properties of the target position, velocity and
acceleration are used to define gating of the signature of a
target. If the equivalent status of the signature at time ¢ is &, the
neighborhood of this target is defined as follows:

G :{z (2= (£ (& )))T S (z-g (£ (£)))< e} )

where friq(x;1lx,) and g(z/fx,) are respectively dynamic
transition function and likelihood function, along with
measurement covariance S depending on f and g, while
different choice of dynamic transition function f represents
different Markov property.

C. Signature formation and management

If there exists a position measurement z, at time ¢ which
does not fall into any neighborhood of all existing signatures, a
new signature o will be formed with z, as the first measurement
of a.

At time #+1, the measurement set {z',1,...,2"%+1} within the

neighborhood of a will be settled after gating. Associating
these measurements with o, new m,+1 signatures, oy,
j=0,1,...,m,, where j=0 indicates that all of the measurements
are clutter, will be formed and o will be deleted. Thus one
signature extends to mg+1 new signatures and all of them
represent only one target with the same emergence time .
Repeat the same implementation at time 7+2.

o+l t+2

Figure 1. Signature formation.

Thus we maintain a tree consisting of signatures. Each node
of this tree denotes only one signature. Each branch from root
to leaf node represents time-slices of measurement and all the
branches of this tree correspond to only one target. Each
signature will be confirmed if it is generated from true target
measurement or will be terminated if it is composed of clutter
(see section III F). Only one branch of each tree will be chosen
as the output of this tree. A tree is confirmed as long as any
signature in it has been confirmed. If one confirmed tree has
been existed for consecutive N time steps, the confirmed leaf
signature with the highest overall belief 6 will be sent to the
state filter as the output of this confirmed tree.

D. Temporal signature

Given a tree structure ® at time ¢, a={L,,F},K,,C,,4;} belongs
to ©. At time #+1, with the measurement set
7%=z w1, i=1,..,m,} in the neighborhood of a, the
measurement set that falls into the neighborhood of @ is:

UZz+1 {z+1= =1 ,m} (©)

After associated these measurements in Z%;, with a and
formed new m,+1 signatures, o~={L,,F;;,K,;,C A4},
j=0,1,...,m,, the kinetics Markov belief of each new signature
which represents temporal property is given by

'PD'P(‘§+1,,"§)'
B-(1-P,)-P(£|2,)

where P, is the detection probability; B is the clutter density;
and the denominator ¢ is derived by summing over all the
numerators whose total number is

> (1+m,). ®

0e®
As for the temporal information, only N time slides of data
up to the current time # will be considered, thus we have

;t+l,j = ( +1,j |Lr+l ;) ( (+1,) |Zl t+l) ©
P(ft+l,j|§r): (m gr(.ftﬂ\t(é:t))’s) (10)

where fr11(x:+1]x,), g{z/x;) and § are the same as above.

P(é‘zlf)’]io
( 1+1,) ‘Zlm): @

Q= o=

’]:0

E.  Spectral/spatial signature

In this paper, visual tracking of multiple fish among many
spurious targets in similar color and shape is taken as an
example. Color histogram is used as invariant feature with
respect to scale and perspectives. This can be used as the
spectral and spatial signature of the target defined in [5].
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Let x;, i=1,...,n, denote pixel locations of model centered at
x (take it as 0 when building model). Represent color
distribution with discrete m-bin color histogram. Let b(x;)
denote the color bin of the color at x;. Assume the size of model
is normalized which results in kernel radius ~#=1. Then, the
probability g of color « in the model is:

< X, — X,
q, =Czk(l\%llz)5[b(xi—u)] (1
i=1
where C is the normalization constant:

]

while g, is taken here as the spectral/spatial signature 1,

Then ISODATA[7] algorithm is used here to cluster the
spectral and spatial signature of samples to distinguish the
models (templates) of fish and the spurious targets. Scan each
video frame with pyramid structure. For each possible target
location, calculate the color histogram and perform template
matching using Bhattacharyya coefticient which is defined as:

P(p,.a,)=2 P4, (13)
u=1

Meanwhile, the local maximum of the Bhattacharyya
coefficient is also taken as the likelihood of the target.

X=X,

h

P(m,n) =310, 7 (14)
u=1

Then we obtain (15) in the same way as (7)

1 .
EPDP<771+1/ ‘nl)P(ﬂ’ ‘F;),] ¢0(15)

My = P(”m.j F;H,/‘) =

= B-(1=B,)-P(n|F).j =0

F.  Bayesian confirmation and termination

Given a signature a, it is necessary to ensure that o is
generated by a true target[6], which requires the probability
A=P(TIL,) and t~=P(T]F,). Through Bayes Rule,

P(a/T)B(T
P(T/a)zi( P(L)( ) (16)
P(a/T)R(T)
~ P(a/T)P,(T)+P(al F) B (F)
Py(T)+Py(F)=1 (17)

where P(T\o) and P(F|o) are respectively the probability that o
generated by a true target or by clutter. Let p=P(o|T)/P(a|F) to
be the likelihood ratio, then
p.-R(T) (18)

PR (1) +(1-R(T))

Given P(Tla) at time #, o will extend to m,+1 new
signatures ay, /=0,1,...,m,, at time #+1, with the corresponding
likelihood ratio p,+, ;, then we get P(T]a,)

P(T/o)=

Prsij -P(T/O!)
P, P(T/a)+(1-P(T/a))

With confirmation and termination threshold P7- and Py,
the Bayesian confirmation and termination logic is given
below.

(19)

P(T/a,)=

P (T la; ) <P, ,Signature terminated

(20)

P, < P(T/ 0(_/) <P, continue test

P(T/e,)> Py
Given o and P(T\o)=w, P(T\L,)+oFP(TIF,) at time ¢, where

a={L,F.K,,C,4;} and o, For~1. At time ++1, a extends to o,
j=0,1,... ,m,, with corresponding ratio p,+,;and ;1

, Signature confirmed

P
S P(8ulé) @1
Py = 1-P,
1-8
PD
£ p
s (77”1,,‘77,) (22)
yIH‘j— l_PD
1-4
then we have
U e O A T 2
P ( r)+( ( /))
~P(T/F
P(TIE, )= Yoy P(T/E)) L@

Viay P(T/F)+(1=P(T/F,))

G. Overall belief of the Signature

Given temporal signature (7), (23) and spectral/spatial
signature (15), (24), the overall belief of a Signature is derived
by

070, pEIL)Torp(MIF) (25)
vi=oL P(TIL,) +orL(TIF,) (26)
where 0,, and oF, are weights on the condition o, +wg,=1.

IV. EXPERIMENTAL RESULTS

In our experiment, fish are tracked in a fishbowl
(90cmx60cmx50cm). The data are gathered by a video camera
with the resolution 1280%720 pixels. There are two kinds of
tropical fish whose colors are either yellow or brown, and their
length is about 2-3 cm. To complicate the conditions of
detection, slips are used here as spurious targets/clutter and the
water waves are created as disturbances.

Because the color of slips is very similar to that of fish,
color histogram alone as the invariant feature with respect to
scale and perspectives in the experiment is found inadequate.
So edge feature is added here to distinguish fish from slips.

In this experiment, we assume each target follows a linear
Gaussian dynamical model, i.e.

p(x, |xH) = N(xt;F;—lxr—li QH)
p(z|x)=N(z;Hx,R)

127

@n
(28)
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TABLE L THE COMPLETE ALGORITHM

Given: tree set 2={0%Y|k=1,...,n,} at time ¢, measurement
set Z,H at time t+1 and multlple target state set X=
{xs 05} s=t-N- where ®(k),=
{a’él)ll 1A% a(kl) {L(kl) jal) K(kn kD 4Dy

Step 1.(Prediction)

E8D o d&80); for =1,
Step 2.(Gating)

For k—l .n, do gating using (5) to get Z*).,
=1,...1%, and derive 2 ., for @®, through (6).
Ym—Zm/( UZ®0).
Step 3.(Signature formation)
Associate o '), with Z* [)m U ® and form new
1+m®,,, signatures a(kl),ﬂ,, where m*,, = \Z( ’),H\
(k[) {L(k l)t+1 ];F{k l)t l/:K((k [)t+l 7 dk l)t+l Jr (k'[)tJrl,]}
J 0715 ' t+1, l_ g (kta k_l N {
derive E;,( y from L®, J by polynomial fitting;
derive (;( RPTSRR A&D 1 u( Yy and TV
respectively through (7), (15) ,(23) and (24);}
If Y,11#® and Y4 = {Z/HIJ L,...,myg+1)}, initialize my 1y
signatures ®(k)t+1‘,={ak ,+1|,|l 1}
Adjust the superscript and subscript.
Er+1\t:{®(k)t+1\t|k:1a ey nt+l\f}7 where A1 R My(41)-
Step 4.( Signature confirmation and termination)
Initialize E,1=®; n,+,=0;
For k=1,..,n1;, do signature  confirmation,
termination and management through (20) and III.C, F,
and adjust the superscript and  subscript.
E‘t+1={®(k)t+l‘kzla"'ynﬁrl}; ®(k)t+1={a(“)t+1|l=17~-~’ﬂ(k)
1)
Step 5.(State filtering)
For k=1,...,n,+1, ®%,,, with the forming time S0, {
If s®,, ,<t-N+2 with ®®,., been confirmed, find o®™,,,
in ®®,., with m=argmax,(9(k'l),+|):
if the corresponding track has been initialized, find it
in X; and put it along with y(k'l)a(k,,’,ﬂ) into the state
filter(such as kalman filter) to get a new state x,.; ;;
else set y(kl)a(k,lﬁl) as the position initial value and
initialize state as x4}

7n®, and k=1,....n,

)(S+l:{xs+l,i|i:15 . Ogt1)s
Output: "
Z0={0% k=1, ....n11};

O =™ l1=1, L n® )
)(s+l={xs+l,i|i=l’ . os+1};
where N(.;m,P) denotes a Gaussian density with mean m and
covariance P, and F,; and H, are respectively dynamic
transition matrix and observation matrix. The state
x,:[px,,,pyﬂ,,vx,,,vy,,]T of each target consists of position (py ,py,)
and velocity (v.,V,,), while the measurement is the position
with noise. The dynamic transition matrix F,; and process
noise covariance Q, | are

AN
P L N e (29)
-1 02 [2 Qz_o-w A3

712 YA

where I, and 0, denote 2x2 identity and zero matrices, A
=1/30s is the sampling interval, and cw:5000(pixel/s2) is the
standard deviation of the process noise. The observation matrix
H, and measurement noise covariance matrix R, are given by
H=[,0,], R, =0, ’I,, where GV—2O(p1xel) is the standard
deviation of the measurement noise. The detection probability
of each target Pp is 0.99, and the clutter density B=2x10

$(pixel)™.

Figure 3. Tracking result without trajectory.

Fig.2 shows the detected result after distinguishing fish
from clutter, i.e., slips, utilizing the difference between the
spectral/spatial signature of fish and that of slips. In the picture,
the red circles indicate that there may be fish. However, clearly
there are 9 slips miss-detected as fish in this frame. Fig.3 shows
tracking result without trajectory where red squares represent
the position estimate of fish. As we can see, by adding
temporary feature, miss-detections are erased.
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Figure 4. Tracking result with trajectory.

Fig.4 shows tracking results with trajectory in the form of
solid lines. The number of fish varies from 14 to 18; the
number of spurious targets (slips) is between 60 and 71, which
can be seen in Fig.5. The average track loss is 3.6%.

[=(n]

i —=——True Ma. affish
| ——— Estimated Mo. of fish ||

40

No. of Slips

E=n : : : i : 4

20t : : E i : : 4
: M
10 20 30 40 50 &0 70 80 E] 100
time step

Figure 5. True No.(red circle line), estimated No.(blue point line) of fish and
No.of slips(black solid line)

While dealing with crossing targets, our method has proven
its advantage by employing fusion of temporal, spectral and
spatial information, which has been shown in Fig.6. The picture
on the left denotes two targets moving towards each other
whose trajectories are painted respectively in light blue and
green. The picture in the middle represents the merging of
these two fish, while the picture on the right shows that they are
traveling on their own directions and our estimated trajectories
accurately reflect their motion.

Figure 6. Example of crossing targets.

From the position estimate in Fig.3, the trajectory estimate
in Fig.4 and the No. estimate in Fig.5, the SDT multiple target
tracking method has shown accurate tracking performance.
Making use of target signature in spectral, spatial and
temporary spaces as well as the Markov property of target
movement from the raw data at earlier time, the filter was able
to distinguish targets from clutter as early as possible, so that
the data association process in SDT is very efficient and
effective.

V. CONCLUSION

We have presented a new multiple target tracking
algorithm. It makes use of the target signatures in the earliest
possible time, and has shown the superior performance. Further
work will be on the testing and improvement of the algorithm.
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