A new robust observer for the perspective system
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Abstract: In this paper, we consider the problem of
estimating the position of an object moving in the
space by observing its image with the aid of a CCD
camera. The problem can be converted into the
observation of a dynamical system with nonlinearities.
A new method, which is inspired by the sliding mode
techniques, is proposed to identify the obtained
dynamical system. The attraction of the new method is
that the identification can be finished in a very short
time, the algorithm is very simple and easy to be
implemented, and it is robust to measurement noises.
Further, minor a priori knowledge of the system is
required in the new formulation. Simulation results
show the superiority of the new method to the
traditional ones.

Keywords: Observer; Perspective system; Machine
vision

1. Introduction

Observing the position of a moving object in the
space by the image data with the aid of a CCD camera
has been studied in the past years [1,3-6,8]. A very
typical method is the application of the extended
Kalman filter (EKF) [6,8]. It is well known that the
convergence cannot be guaranteed theoretically and it
takes a long time to finish the identification. Further,
the a priori knowledge about the noise is required. A
fatal shortcoming of EKF is that the algorithm is very
complicated and can hardly be implemented
practically with real image data. To overcome these
difficulties, Jankovic and Ghosh [4] proposed a new
recursive  formulation called “identifier based
observer” (IBO) based on a parameter identifier
considered in model reference adaptive control (see
[7]). The proposed IBO is guaranteed to converge in
an arbitrary large (but bounded) set of initial
conditions, and since the convergence is exponential it
is believed that the performance of IBO is reliable,
robust and would quickly compute the position on real
data [4]. For the EKF, no such convergence guarantees
are available. It should be noted that the performance
of IBO is similar to that of the EKF. However, in the
formulation of IBO, the a priori information about the
upper bound of the state is required, which may not be
easy to be obtained in practice.

In this paper, we consider the position identification

problem of the perspective system, where the motion
parameters are assumed known. The formulated
problem can be converted into the observation of a
dynamical system with nonlinearities. To identify this
class of nonlinear system, the method proposed by the
authors in [2] may be considerable. In this paper, a
new identification method, which is inspired by the
sliding mode techniques, is proposed to identify the
space position of a moving object. The information
about the upper bound of the state is not required, and
it is adaptively updated online. The new observer
converges very fast, and the estimation process can be
monitored online. The attraction of the new method
lies in that the algorithm is very simple, easy to be
implemented practically, and robust to measurement
noises. The proposed algorithm can be extended to the
observation problem for the general n-dimensional
perspective systems (Remark 13). Further, simulation
results show that the new method is superior to the
traditional ones.

The organization of the paper is as follows: Section
2 formulates the problem. In section 3, the robust
observer is proposed for the perspective system. In
section 4, an example is given to illustrate the new
algorithm, and to compare the performance with the
traditional methods.

2. Problem statement
Consider the movement of the object described by

x1(t) a,; a13 x,(t) b,
- xz(t) ay ay||x%@)]+|b, 1)
xs(t) asy, a33 x5(t)

where x(f) = xl X, x3]r the position in the
space, a; (i, ] =1,2,3) and b (i=1,2,3) are the
motion parameters (see [S]).

Also, we suppose the observed position in the
image plane is defined by

y& =@, %0l [i‘l, "—} @

3 X3
Thus, the perspective system is composed of equations
(1) and (2).
In this paper, we make the following assumptions.
(Al). The parameters a;(i,j=123) and b,



(i=1,2,3) are known.
(A2). x,(t) meets the condition x,(t)>a >0, where

o is a positive constant.
(A3). x(t) is bounded in finite time.

Remark 1: 1t is easy to see that assumptions (A2) and
(A3) are reasonable by referring to the practical
systems.

The purpose of this paper is to estimate the position
x(t) by using the observed information y,(¢) and

y,(t) inthe image plane.

3. Formulation of the observer

Define
1
y5() = 3)
T a0
Then, equation (1) can be rewritten as
[ yi(®)=a; + (@, —as)y, +a,y, - a31)'12
. —apy,y, + (b, —byy))y,
Vo(t)=ay +ayy, +(a, —ay)y, —ayy,y, )

—a32y§ +(b, =byy,)y; ,
Y3(t) =—(ayy, +azy, +as)y; —b;y;

It is obvious that the position of the object in the
space can be calculated as

__yl(t) =y2(t) =L
"l(t)“yg(t)’ %) v’ %) ¥s(t) ©)

if y,(t) is available. So, the remaining task is to

estimate y,(t).

Lemma 1: If (b -b,y,)’ +(b,-b,y,)> =0, then the

position cannot be observed by using the image data.

Proof: In this case, equation (4) reduces to
Yi(t)=a;+(a,; -ay)y, +a,y, -ayy; -auyy,
Yo(0) =y +ayy, +(ay, ~a33), — a5y, ~a3,y; (6)
Y3(t) = (a3, + a3y, +a33)y; = byy;

It can be seen that the first two equations has no relation

with y,(¢). Based solely on the third equation in (6), it

is impossible to identify y,(t).

Remark 2: If b, =0, Lemma 1 means that the position
in the space cannot be identified by using a definite

point (b—l, b—z) in the image plane. This fact is very
3 3

intuitive and well known. The point (—bi, 22—) is the
3 3

so-called focus of expansion (FOE) [4]. If b, =0, then
(b, -b,y,)* + (b, =b,y,)* =0 means that

b, =b, =b,=0. In this case, the position in the space
cannot be identified due to the observed data is not
“rich”.

In the following, the observer of system (4) i
formulated. We consider the system described by

() =ay; +(ay, —as)y, +a,y, —a31y12

w

&
lea| + 8,

Y.()=ay +a,y, +(a, —ay)y, —a,y,y,

~

vy afh —hvYo L3 ()
83¥1Y2 ¥ —03Y )Y + ME)

. s e @)
—aszYZz +(b, —byy,)y; + N I
| 2| +02

P5(t) = =(a,y, +ayy, +a3,)¥; _bs}A’sZ

there the initial condition is determined as
$10)=,(0), 5,(0)=y,(0), y;(0) =Yy, (8)
with y,,>0 ; e(t) and e,(t) are respectively
defined as
e =Y~V &=Y,-¥; 9)
8,(i=1,2) are positive constants; A;(t) and iz(t)
are respectively defined as

2o [2ale|  ifle|>6
A’(t)—{ 0l 1 otherlwise1 ’ (10)
2o [2ole,|  ifle,> 6
AQ(t)_{ 02 i otherzvisez’ (1)

a, and a, are positive constants, 711(0) and }(2(0)
can be any positive constants.

Remark 3: By observing the third equation in (7), it
differs from the third equation in (4) with only the initial
condition. Since y,(0) is finite and y,(¢) is bounded
in finite time, it can be seen that y,(r) is bounded at
least when ¢ is not so large.

Now, combining (4) and (7) yields

. - e
€, () = (b, —b;y,)e; — A,(t) |e |-il-6 , ¢(0)=0
11101
. - e
*ez(t)=(b2_b3Y2)es‘A2(t)|e +2-(S , 6(0)=0 (12)
2|+ 02
&(t) = ~(ayy, +ay,y, +asz)e; ‘bs()’3 + Y )33

where e,(t) is defined as

e;=Yy;~J;. (13)
Define
1 A e
- ) ~by A O
? (2 —bSyl)z +(b, ‘bs)’z)z { b lel‘ +6,



+ b, -bsyz)&(t)lzfﬁ} a4
and

5(t) = €(1) + 55() - (15)

We have the next theorem to illustrate our new
observer.

Theorem 1. Suppose (b, —b,y,(t)f +(b, —b,y,()f =0
for all t=0. Then, e; can be regarded as the
approximate estimate of e,(t) after some instant. Thus,

):)3(1?) can be thought of the approximate estimate of

y3() -
Proof: The proof is composed of the following three
steps.

Step 1 The proof of that |el(t)| and |e2(t)| are
uniformly bounded, and there exist ¢,,¢, >0 such that
|e1 (t)| s9, (16)
for ¢t>t¢ ,and
le, ()] =8, (17
for t>t,.

By remark 3 and the assumptions, it can be seen that
|(b1 -b,y,)e, (t)‘ is bounded. Suppose its upper bound is

A, le.
|6 = by es )] <4, (18)

Now, consider the Lyapunov candidate
2
1(1~
KO=@or (301 09
1

If |e,(r)>8,, then differentiating V,(¢) yields

d , 1(1: 2

;{(el(t» +a—(5A1(t)—Al) }
=2e,(t)(b, - byy,)e; - 27‘1(‘) |

: (0 Sh@) -4 el
= 2e, ()b, by, Jes - o)+ 2&0‘)

= AA’I ¢ )|e1|

~ 261
= "A1(t)|ell(1” e, +61) <0 (20)

Thus, V,(t) decreases monotonically. Further, from
(20), it can be seen that the condition !e, (t)| =0, canbe

satisfied in finite time. Then, there exists ¢, >0 such
that

()] =6, @D
for ¢>t,, and V(¢) is uniformly bounded for O=<¢=t¢,.

Thus, lel(t)| and }:l(t) are also uniformly bounded
for 0st=t,. By the definition of )Cl(t) and (21), it
can be seen that )g(t) = /\A,(tl) for ¢>¢, . Thus, it can
be concluded that A}(t) is uniformly bounded for all
t =z 0. Therefore, |e, (t)| is uniformly bounded and (16)
is valid.

Similarly, it can be proved that |e1(t)| and &(t) are
uniformly bounded, and there exists ¢, >0 such that
(17) is valid for all ¢ >¢,.

Step 2 The proof of that |¢,(r)| and |é,(t)| are very

small after some instant.
For ¢>t,, differentiating the first equation in (12)
yields

. d . é,0,
&)= (6, - by es)- e iy I

Differentiating (e'l(t))2 yields

—(el(t» = 2,(t)- ((b =byy,)e;)- 24 () Qew)z
<2402 b;yl)ea)—ul(tl)g (23)
where the fact |e,(r)|<8, is employed. If

d, .
Iel(t)|>).l(t) m){ ((b b3Y1)e3*)’ then ;l—t—(el(t)) <0,
ie. |el(t)l
d
kol sl

Therefore, there exists an instant ¢; ¢, such that

d
E ((bl -bsy,)e, *) (24)

decreases until

(®, -b, yl)e31) is  satisfied.

PO 1 )n33x(

forall t>1¢;.

1 d
ince io" :llx( & (( ] 3yl)esﬂ cou e

considered to be bounded, it can be concluded that
|e'l(t)| is very small as ¢ >¢, by choosing very small
8, . Further, from (23), it can be seen that the decreasing
speed of |é1(t)| can be increased by choosing very

small §,.

Similarly, it can be proved that there exists an instant
t,zt, such that |e'2(t)| is very small as ¢>t, by
choosing very small 4§, .

Step 3 The proof of that e;(r) is an approximate

estimate of e,(t).



From the results in the first and the second steps in
this proof, by observing the first and the second
equations in (12), it can be seen that

b-byoe-AOPES and G-bye- RO

are very small as ¢r>¢, and as t>t,, respectively.
Thus, by least square method, e;(f) defined in (14)

can be considered as an approximate estimate of e,(t),

i.e. there exists &(6,, d,) >0 such that
le3(®) - es () = £(3,, 6,) (25)
as t> max(t3, t4) , where ¢£(6,,90,) is very small
dependingon &, and 4,.
Therefore, the theorem is proved.

Remark 4: As the bounds of |(bl —bsyl)e3| and

(6, -b;y,)e;| are unknown, we adaptively update them
by (10) and (11).

Remark 5: By the proof of Theorem 1, it can be seen
that the observation process can be stopped after

confirming that both e,(f) and e,(t) converge for

some seconds. These convergences can be monitored
online.

Remark 6: The design parameters «; >0 and 6,>0
(i=1,2 ) determine the estimating speed and the
estimating precision. The parameters a, >0 (i=12)

should be chosen large enough to rapidly adjust ):, ®.

Remark 7: Because the converging speed can be
increased by choosing appropriate parameters, it can be
seen that the identification can be finished in a short
time by observing Theorem 1. Thus, only the condition

that (b, -b,y,)* +(b,-b,y,)* is not zero in some
interval is needed. Therefore, the assumption
(b, -b,y,)’ + (b, =b,y,)’ =0 can be weakened. This
condition can be monitored online.

By combining Theorem 1 and Remark 7, we have the
following theorem.
Theorem 2. The sufficient condition for the system (4)

to be observable by using the image data (y,, y,) is
that (b, —b,y,)* +(b, —byy,)* is not zero during some
necessary long interval. If the system is observable, then
y,(t) can be estimated as in Theorem 1.

Remark 8: By solving the linear differential equation (1),

the initial value x(0) can be expressed by using
y,(t) (i=1,2,3) . Further, by replacing y,(t) by its

estimate ):)3(t) , the calculated initial value, say
x(t,0)=[x,(,0) x,,0) x0)f ,

e s o

P ....,.-.L 4 1 Tha nnmrroeo Py $an
{ 2 1l11ldA ?3,£4I. 11C LUIIVEIELIILC Lall uC lUblCu Ulll Uy

monitoring that whether the

x,(t,0) x,(t,0)

——— -y, 0
%(5,0) »:(0) %(5,0) -,(0)
very small values and whether x3(t,0) converges.

converges when

dlfferences

and converge to

After the convergence is confirmed, the identification
process can be stopped, and the position in the space at
arbitrary instant ¢ can be approximately calculated out
by using the estimated initial condition. Certainly, the
identified position at the stopped instant, say t,, can be
treated as the initial condition to compute the position at

instant ¢ (¢=zt,) based on the dynamical system (1).

Of course, if (b, -b,y,)* +(b, -b,y,)" is not zero at

any instant, the position in the space at instant ¢ can also
be approximately calculated online as

x(t) yl(t) y2(t) - 1
BAY) 5@ ¥3(t) |

Remark 9: For b, =0, in the presence of measurement
noise, the position in the space cannot be identified
reliably if the observed data (y,, y,) is very close to

- 2 ThllS for b #0 in the sense of practlcal
3

apphcatlon, the necessary and sufficient condition for
the system to be observable should be
(b, -b,y,)* + (b, -b,y,)* >y in some necessary long
interval, where y >0 is very small.

Remark 10: Consider the object is moving in the Ricatti
dynamics [3] described by
x,(t) a, a, a;][x@)] [b]
2 )| =2 an ay||%@)|+b
x3(t) ay ap ay||x(@)] b ]

¢ ¢ ¢ 0 0 0]
+10 ¢, 0 ¢, ¢ O 2 (26)
0 0 ¢, 0 ¢, ¢l ™

where ¢; (i=1,2,3) are known constants. The problem

is to estimate the state x =[Jc1 x, xJ by using the

. . X X
observed information y, =-1 and y,=-% . By
X, X,

defining y, = i, system (26) gives
x

3



’ y(t)=a; +(a, —ay)y, +a,,y, _asx)’lz

-a,y,y, + (b, -by)y,

V() =ay +ayy, +(a, —ay)y, —a; .y,
! ; @
—ay,y; + (b, ~b;y,)y;

Y3() =—(c,y, +€,9, +¢5)
—(ayny, +a,y, +a5)y; —b3}’32

Since (c,y, +¢,y, +¢;) is an available signal, the

observer can be similarly constructed.

Remark 12: The proposed method can be extended to
the general n-dimensional perspective systems.
Consider the system described by

x1(t) au x, () b,
dt X (t) anl X, (t) bn

with x,(¢)>0, and x=
finite time. The problem is to estimate the state x(f)

X ]r is bounded in

xn—l

by using the available signals y, = ﬁ, cery Ypu =
X

n n

By defining y, = —1— , systems (28) can be rewritten as
y 1 w, (t ) b, b
d .
dt yn—] n 1(t) nyn-l

- 6 .
anlyl +et an,n—lyn-l + arm + bnyn
where w,(¢) are available signals defined by
w, )= (an —a.); )Y1 toot (ai,n-l =8y pYi )yn—l +( in = nnyl)
(30)

(29)

Thus, the observer of (29) can be constructed as

w,(t) b, b Y1
dt [y] ["l(t)] [ "yn-l

0 le1| +9,

- i )A) + . .
0 & i e

anlyl +eeot an,n-lyn-l + ann + bnyn -1

en-l

0

31)

where the initial condition is determined as
50 =30 5,0)=3,, (>0, (32
6, (i=L1---,n-1) are positive

constants; ¢;(t) and i,. (t) are respectively defined as

for i=1---,n-1;

&=y, =¥ hy= 2kl
lU

a; are positive constants, A:.(O) can be any positive
constants. Similarly, it can be concluded that if

if le,| > &,

: . (33)
otherwise S

n-1
E(b,. —b,,y,.)Z =( is satisfied in some necessary long

Remark 13: By the analysis in this section, it can be
seen that the parameters a; @j=1"-n) ,

b, (i=1--,n) and ¢, (i=1,--,n) can be expanded to

any known bounded piecewise differentiable functions
of time ¢.

4. Example and simulation results

Consider the movement of the object described by
4 2O [-02 04 -06][x0)
xz(t) 01 -02 03 [|x,@®]+ O 25 , (35
x(t) 03 -04 04 x,(t)

with [x,(0) x,(0) x,0]=1 15 25].

The observer is constructed as

[ $.()=-0.6-0.6y, + 0.4y, - 0.3y +0.4y,y,
+(0.5-03y,), + M_—_yl_) 5,(0)=0.4
' |Y1 -+

¥,(6)=03+0.1y, -0.6y, - 0.3y,y, +0.4y]

| +(025-03y,)5,+ M—+§—) 5,0=06 ¥

Y2~ Y2
¥5(6) = =(0.3y, - 0.4y, + 0.4)j, - 0.35;, 7,(0)=1

X x . .
where =L and =2 gare the available image
'x 2 x
3 3

data; /ﬁ(t) and ):2(1‘) are respectively defined as

Ai(t)={2°‘l|ylo‘ 2 A ©-2,07)

jz(t) = {2‘12')’20_ )A'z|

Thus, Y3 = 1 can be

X3

if |y1 _)A]l‘ > 61
otherwise

iflyz '.“;2| > t152
otherwise

, A,(0)=2.(38)
estimated by

$(t) = ¥5(t) +e;(t) , where e; is defined as



e = 1 {fn<_,_n'z., \VAOO, =)
ﬁ} ’—A

U-J)’l |

(05-03y,F +(025-03y,F "~
+(025-03y,) 2002 =0) | (39
Y, =¥, + 0,

The sampling period is chosen as 0.05. The
simulation is done by Matlab. The parameters are

chosenas o, =a,=5, 6, =46,=0.3.

V1 _Y1| +6,

Suppose the measured image data is corrupted by 1%
with random noise. Comparison between the proposed
new observer and the IBO in [4] is performed. Because
of the trade-off of the estimating error and the
converging speed, the estimating error is compared
based on the same converging speed. Figure 1 shows the

difference between y, and its estimate ):)3 by using
the new observer. Figure 2 shows the difference

between y, and its estimate ):13 by using the IBO in

[4]. 1t can be seen that the tracking error in Figure 1 is
much smaller than that in Figure 2, i.e. the performance
of the new observer is better than that of the IBO. Since
the performance of the extended Kalman filter (EKF) is
similar to that of IBO (see [4]), it can be concluded that
the performance of the new observer is also better than
that of the EKF Further, it can be seen that the
formulation of the new observer is much simpler than
that of the IBO, not to say EKF. And the a priori
knowledge about the noise and the bound of the state is
not needed in the new method. Therefore, it can be
concluded that the new observer is superior to the
traditional IBO and EKF.

0.1 T T -
OF

-0.1}
02}
03}
04

05
-06

0 1 2 3 4 5 1 6
Fig. 1 The difference between y, and its estimate y,
by using the new observer.

5. Conclusions

In this paper, we consider the position identification
problem of the perspective system, where the motion
parameters are assumed known. The formulated
problem can be converted into the observation of a
dynamical system with nonlinearties. A new observer,
which is inspired by the sliding mode techniques, is
proposed to identify the space position of a moving

object The information about the upper bound of the

qtnta 1ic nat raanirad and 3 adants mdatad anline

ataic lb UL lcquucu, auu ll. lb a.uapuv'cl_y upualcu Ullkiiic.
The new observer converges very fast, and the
estimation process can be monitored online. The
attraction of the new method lies in that the algorithm is
very simple and easy to be implemented. Further,
simulation results show the robustness to measurement
noises and the superiority to the traditional ones. The
new method is also extended to the observation problem
for the general n-dimensional perspective systems.

0.1
ol
-0
-02}
-03r
-04
-05
-06

0 1 2 5 4 5 7 6
Fig. 2 The difference between y, and its estimate ):)3
by using the IBO in [4].
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