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Abstract: Accurate estimation of the motion and shape of a moving object is a challenging
task due to great variety of noises present from sources such as electronic components and
the influence of the external environment, efc. To alleviate the noise, the filtering/
estimation approach can be used to reduce it in streaming video to obtain better estimation
accuracy in feature points on the moving objects. To deal with the filtering problem in the
appropriate nonlinear system, the extended Kalman filter (EKF), which neglects
higher-order derivatives in the linearization process, has been very popular. The unscented
Kalman filter (UKF), which uses a deterministic sampling approach to capture the mean
and covariance estimates with a minimal set of sample points, is able to achieve at least the
second order accuracy without Jacobians’ computation involved. In this paper, the UKF is
applied to the rigid body motion and shape dynamics to estimate feature points on moving
objects. The performance evaluation is carried out through the numerical study. The results
show that UKF demonstrates substantial improvement in accuracy estimation for
implementing the estimation of motion and planar surface parameters of a single camera.
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1. Introduction

The problem of estimating positions and velocities of moving features in space leads to the problem
of estimating motion and shape parameters of moving features from their corresponding image data
observed over time. This is important in various engineering applications, such as robotics and
machine vision [1-6]. A dynamical systems approach to machine vision is introduced in [1], in which
the problem of motion and shape parameter estimation is described as an inverse problem associated
with a pair of coupled Riccati partial differential equations. Identification of the motion and shape
parameters using the estimation technique was discussed in [5,6]. A CCD camera with a laser range
finder mounted on a mobile robot for better motion and shape parameters identification can be seen
in [5]. A sliding mode approach was proposed to estimate the motion of a moving body with the aid of
a CCD camera [6]. For performance improvement, various estimation techniques have been adopted to
reduce the noise. The algebraic methods yielded feasible results, but they were computationally
unrealistic. The Kalman filter method is used in the estimation of the motion parameters to reduce the
effect of the measurement errors which are inevitable in the real world. The Kalman filter (KF) method [7]
for estimation of the 3D camera motion in imagine sequences for the applications to the video coding
system is proposed by Kim et al. [8]. Kano ef al. [9] performed a numerical study and compared an
extended Kalman filter (EKF) based recursive algorithm with a non-recursive algebraic method for
estimating motion and planar surface parameters.

The KF is theoretically attractive because it has been shown to be the one that minimizes the
variance of the estimation mean square error (MSE). The nonlinear filter is used for nonlinear
dynamics and/or nonlinear measurement relationships. The problem of estimating the state variables of
the nonlinear systems may be solved using the nonlinear version of the Kalman filter. The most
popular form is the EKF. The fact that EKF highly depends on a predefined dynamics model forms a
major drawback. To achieve good filtering results, the designers are required to have the complete
a priori knowledge on both the dynamic process and measurement models, in addition to the
assumption that both the process and measurement are corrupted by zero-mean Gaussian white
sequences. If the input data does not reflect the real model, the estimates may not be reliable.

Similar to the EKF, the unscented Kalman filter (UKF) [10-17] focuses on approximating the
prediction probability characteristics and use the standard minimum mean square error estimator. The
UKF has been developed in the context of state estimation of dynamic systems as a nonlinear
distribution (or densities in the continuous case) approximation method. The UKF is superior to EKF
not only in theory but also in many practical situations. The algorithm performs the prediction of the
statistics with a set of carefully chosen sample points for capturing mean and covariance of the system.
These sample points are sometimes referred to as the sigma points employed to propagate the
probability of state distribution. The basic premise behind the UKF is it is easier to approximate a
Gaussian distribution than it is to approximate an arbitrary nonlinear function. Instead of linearizing
using Jacobian matrices as in the EKF and achieving first-order accuracy, the UKF can capture the
states up to at least second order by using a deterministic sampling approach to capture the mean and
covariance estimates with a minimal set of sample points. The deterministic sampling based UKF with
applications on estimation of rigid body motion and shape dynamics are presented to estimate the
feature points on the moving object. Results obtained shows that UKF is able to provide more accurate
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and reliable estimation accuracy of the object. Investigation of the UKF approach to the motion and
shape estimation problem has not been seen in the literature.

This paper is organized as follows. In Section 2, preliminary background on rigid body motion is
reviewed. The shape dynamics and optical flow dynamics are discussed in Sections 3 and 4,
respectively. The unscented Kalman filter is introduced in Section 5. Results and Discussion are given
in Section 6. Conclusions are given in Section 7.

2. Rigid Body Motion

The mathematical description of a 3D point undergoing a rigid transformation about the camera
axes is given as follows. Let @, , @, and «, represent the angle of rotation about the X, ¥ and Z axes,
respectively. Figure 1 illustrates the world coordinate system. An arbitrary rotation R can be
represented by successive rotations around the X, Y and Z axes, respectively, as:

1 0 0 cos(a)y ) 0 sin(a)y ) || cos(w,) —sin(w,) O
R=|0 cos(w,) -sin(w,) 0 1 0 sin(w,) cos(w,) O (1)
0 sin(w,) cos(w,) |- sin(a)y ) O cos(a)y ) 0 0 1

Assuming infinitesimal rotations, the zeroth order terms of the Taylor series expansion of the
trigonometric functions sin and cos provide the following approximations:

cos(@)=1, sin(@) = 6 2)

Using the approximations in Equation (2), R can be approximated in the skew-symmetric matrix
form in terms of angular velocity:

1 0 0 1 0 w|1 -0 O 1 -0 o
R=0 1 -o 1 0jlw, 1 O0|= o, 1 - 3)
0 oo 1 |-, 0 1|0 0 1] |~o, o 1

Figure 1. Illustration of the world coordinate system [3].
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Let the vector T=[z, 1, t.1' represent the translational velocity, where the elemental components

t,, t, and f_represent the translational velocities in the X, Y and Z directions, respectively. The
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velocity vector V=[X Y Z]" of a point in the world coordinates P=[X ¥ Z]* with respect to camera

coordinates undergoing rigid transformation is represented as:

X 0 -0 o [X] [t
Y=l o, 0 -o|Y|+t 4)
Z -0, o, 0 |z t,

which may be written in matrix form:
V=R-I)P+T
where I represents a 3 x 3 identity matrix. By defining [~0w. @, -,]" as [®, @ @] ; and

[te 1, 1,1 as[b, b, b]",Equation (4) can be represented as:

V=QP+b (5)
where b=[b, b, b,]" and:
0 L))
=~ 0 o (6)
o, —w; 0

Consider the dynamical system Equation (5) where it is assumed that [@, @, ®,]" #0 . If:

be ImQ (7)
it is easily seen that ImQ is a plane in %3 given as:
ImQ={xeR|wa=0} (8)
where:
w=[w -0 o] ©)

3. Shape Dynamics

The motion field describing the motion of individual points on the surface might undergo a change
in shape. The dynamical system which describes the changing shape of the surface is called the shape
dynamics. Let (X, Y, Z) be the world coordinate frame wherein we have a surface defined by:

Z=5(x,7,1) (10)

Assume that S is smooth enough so that its derivatives with respect to each of the variables are
defined everywhere. The motion field is assumed to be described by:

X=r(x,v,2),Y=g(X,Y,2), Z=h(X,Y,Z) (11)

How the surface as in Equation (10) moves as points on the surface move following the motion
field as in Equation (11) can be described by the quasi-linear partial differential equation called the
“shape dynamics”:

as as as

— XY, Z)— XY, Z)—=hX,Y,Z 12
B . 2) gl v, 2) B =y, 2) (12)
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Consider the initial condition:
S(X.Y,0)=9(x.Y) (13)
The pair of Equations (12) and (13) constitutes an example of a Riccati partial differential equation.
The surface defined by Equation (10) is assumed to be a plane described by:
Z=pX+qY+r (14)

where p, g, r are shape parameters that are time varying as a result of the motion field. The vectors
(X,Y,Z)and (p,q,r)are written in terms of homogeneous coordinates (X ¥ Z W):

X = é Y = L Z= i (15)

/4 /4 w
and:

D q r

p=% ¢=% ,-= (16)
s S s

where W =(X*+Y?>+Z%)"?. Equation (14) can then be rewritten as:
pX+qY —5Z +FW =0 (17)
Using Equation (15), Equation (5) can be written as:

X X
Y| [Q b|Y

4 i (18)

dt| Z 0 02z
w w

The shape dynamics can be obtained by differentiating Equation (17) with respect to time t:

r r

d| q Q 0)gq

4 = 19

dt| -5 {—bT 0} -5 (19)
7 7

where p(7), q(t) and r(¢) are the shape parameters to be discussed in Section 4.

4. Optical Flow Dynamics

As shown in Figure 2, the 3D vector P=(X,Y,Z) is assumed to be observed via perspective
projection onto a plane parallel to the (x, y) axes and located at Z = 1 by defining the relationship
between an image point u =(x, y) and a scene point (X, Y, Z) given by:

R 20
X=" =7 (20)
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Figure 2. The relationship between an image point u=(x,y) and a scene point P=(X,Y,Z7).
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The focal length f =1 is usually used without loss of generality. With the relation given by
Equation (5), differentiating Equation (20) leads to the relations:

. IX-XZ X I _ by b

Y= T YT (0)1y+602)—x(—602x—603y)+7—x7 (21)
and:

. ZY-YZ Y b, b

y= 72 =5V, = (—a)lx+a)3)—y(—a)zx—a)3y)+72—y73 (22)

From Equations (14) and (20), we have:

1 1-px—gqy
el S AR 23
Z r 23)

and hence the optical flow equations are given by:

X=w,+my+ (1)2x2 + wyxy + (¢, — xc;)(1— px — qy) (24)

V=05 = ox + @xy + 03y + (¢, — yes)(L- px—qy) (25)

where ¢; =b,/r , i=1,23.
Equations (24) and (25) denote the optical flow equations. Even when the motion field is time
invariant, the parameters of the optical flow equations could be time-varying due to the fact that the
shape parameters are changing in time as a result of motion field described by Equation (11). As

t — o, we have:

p)>% o= ol o SUO 103 (26)
@, o) o) bt

In particular, if be ImQ, the shape parameters p(¢), ¢(t) and r(¢) are periodic functions satisfying

the Riccati Equation [2,9]:
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p:—w2(1+p2)+a)1q—a)3pq
qz—a)3(1+q2)—a)1p—a)2pq (27)
7=by;—b p-b,q—r(w;q+w,p)

which is parameterized by a total of six motion parameters and three initial conditions on shape
parameters. Therefore, a total of nine parameters need to be adopted for describing the shape dynamics.
The Riccati equation propagates in time the relationship between coordinates X, Y, and Z expressed
via the surface described by Equation (10).

Once the modeling of shape dynamics and optical flow dynamics is accomplished, the estimation
algorithm can be employed for implementing the estimation of motion and planar surface parameters.
In addition to the algebraic methods, the recursive estimation algorithms are applicable. The recursive
algorithm presented by Kano et al. [9] is an EKF-based algorithm. The motivation of the paper is to
carry out the UKF-based approach, which has not been seen in the literature for the motion and shape
estimation problem. A brief introduction of the UKF is provided in Section 5.

5. The Unscented Kalman Filter

The UKF is a nonlinear filter which deals with the case governed by the nonlinear stochastic
difference equations:

Xpqp =B (X)) + Wy (28a)

Z, th(xk)+vk (28b)

where the state vector x, € R", process noise vector w, € R", measurement vector z, € R”, and
measurement noise vector v, € R”. In Equation (28), both the vectors w, and v, are zero mean

Gaussian white sequence having zero crosscorrelation with each other:

Qk:

R,, i=k
E[wkwl-T]={O T Ewv, 120 foralliand k (29)

= BT
s BlVev | = .
k k 0, izk

b

where Q, is the process noise covariance matrix, R, is the measurement noise covariance matrix.

5.1. The Unscented Transformation

The first step in the UKF is to sample the prior state distribution, i.e., generate the sigma points
through the unscented transformation (UT). Figure 3 illustrates the true means and covariances as
compared to those obtained by the mapping of the UKF versus that of the EKF. The dot-line ellipse
represents the true covariance. The UKF is implemented through the transformation of the nonlinear
function f(-), shown as the solid-line ellipse on the top portion of the figure; the EKF is accomplished
through the Jacobian F =0df/dx, shown as the solid-line ellipse at the bottom portion of the figure. The
UKEF approach estimates are expected to be closer to the true values than the EKF approach.

Several UT’s are available. One of the popular approaches is the scaled unscented
transformation [15-17]. Consider an n dimensional random variable x , having the mean X and
covariance P, and suppose that it propagates through an arbitrary nonlinear function f . The unscented
transform creates 2n+1 sigma vectors X (a capital letter) and weighted points, given by:
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X _% (30a)
XD =%+ (Jn+ )P, i=1,..n (30b)

XD =g —(J(n+ HP), i=1,..n (30c¢)
where (/(n+ A)P), is the i th row of the matrix square root. ,/(n+A)P can be obtained from the

lower-triangular matrix of the Cholesky factorization; i=a’(n+x)—n is a scaling parameter;

a determines the spread of the sigma points around X and is usually set to a small positive

(e.g., le—4<a<1); k is a secondly scaling parameter (usually set as 0); f is used to incorporate prior
knowledge of the distribution of X (when x is normally distributed, f=2 is an optimal value);

Wl-(m ) is the weight for the mean associated with the iz point; and W/ is the weigh for the covariance

associated with the itA point:

m ___*

i _ 31

O "+ 1) c

Wi =wi™ +(1-a®+ p) (31b)

A (lc)
2(n+4)

The sigma vectors are propagated through the nonlinear function to yield a set of transformed

sigma points:
y, =f(XYY), i=0,..2n (32)
The mean and covariance of y, are approximated by a weighted average mean and covariance of

the transformed sigma points as follows:

2n
yu :Zm(m)yl (33)
i=0
_ 2n
P, = YWy 5y -Vu) (34)
i=0

Figure 3. Illustration of properties of UKF and EKF, Reproduced with permission from Yong Li [14].

- Jacobian/Hessian




Sensors 2011, 11 7445

5.2. The Unscented Kalman Filter

A high level of operation of the unscented Kalman filter is shown in Figure 4. To look at the
detailed algorithm of the UKF, firstly, the set of sigma points are created by Equation (30). After the
sigma points are generated, the time update (prediction step) of the UKF involves the following steps:

@) =f(X{), i=0,..2n (35)
. 2n p
%5 = ;)m " (&) (36)
2n
PO =D WO, % 10EH), — %51 +Qyy (37)
i=0
(ZE)i = h((g)i) (38)
2n
2 = Y W"(Zy), (39)
i=0

Figure 4. High level of operation of the unscented Kalman filter.
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The measurement update (correction) step of the UKF involves the following steps:

2n
P =Y WNL), -2 (Zy), - 2] +R, (40)
i=0
2n
P =Y WG~} 1(Zy), - 2.1 (41)
i=0
Kk = P)csz_z1 (42)
X, =%, +K, (z, - 7;) (43)
P, =P, -K,P_K| (44)

The samples are propagated through true nonlinear equations, which can capture the states up to at
least second order.

6. Results and Discussion

Simulation experiments have been carried out to evaluate the performance of the UKF approach in
comparison with the conventional EKF approach for estimating motion and shape parameters.
Computer code was developed using MATLAB. It is assumed that, at each time instant &, a set of
three feature points(x;; , y;;) , i=1,2,3 are observed. The state vector x, is given by:

Xy = [a)l,k Wy Dsp Cr Cok Cap Pr 9 Xrke Vik Xax Yok X3 Vik ]T (45)
The associated state equation in discretized form is given by:
X = f(Xy) (46)
which is constituted from the set of Equations (24,25) and (27), as follows:
Pt = (@44, = @) =@y P}~ @y, g )M+ py
Gin =0 Py — O — O, Prq; — (03‘1/3 )AL+ qy (47)
T = (03 = by Dy = by gy =1 (@49 + @y P )AL+ 7

2
Xpp =@ + @y, + @y X; + @5, 5,y + (€ — X050 — prxy —q v )AL+ X,

(48)
Vint = (@5 — O X + @ 1 XV + w3,k)’1§ +(Cop =G )= prxy —q Vi DAL+ v,

Cig = by 17 (49)
along with the random walk models for the angular velocities @, =@, , i=1273 . Let
Z € RO represent the observation vector, the observation equation can then be written as:

z, =Hx, +v, (50)
where v, is assumed to be a zero mean Gaussian white sequences noise with covariance

R=0"1,(0=0.01). The elements of the measurement model H,,,, is defined by:

H=[0,, I,],n=3
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The process noise covariance matrix is given by Q=10""x1I,, and the parameters utilized in the
UKF are given as follows: @ =1e—4,=2,x=0. The sigma points capture the same mean and
covariance irrespective of the choice of matrix square root which is used. The numerical efficient and
stable method such as the Cholesky factorization has been used in obtaining the sigma points.

Experiment was conducted on a simulated three feature points: (2.5,2.5), (1.5,0.5) and (1.0,1.5)
locations. The motion and shape parameters Q is set as (@), w2, w3) = (0.2, 0.1, —0.1), with initial
values for shape parameters are (po, qo, 7o) = (0.1, 0.1, 2.0). For comparative purposes, the following
two cases are considered [2].

Casel: b=(0.1 0.1 -0.1)" € ImQ
Case2: b=(0.1 0.1 0.1)" ¢ ImQ

Figures 5—12 show the results for the numerical experiments. Figure 5 shows the sample trajectories
for the three feature points on image plane for the case be ImQ. It can be seen that the motions are
circular and periodic around the axis of rotation. Figures 6-8 are the results for the case when
be ImQ . Estimation results for parameters c,, ¢, and c, for the three feature points are given in
Figure 6. Three curves, shown in red, green, and black colors, denote the true, EKF-based, and
UKF-based estimated values, respectively. For better clarity, the estimation errors for the three feature
points are shown in Figure 7, which illustrates the advantage of UKF. Figure 8 gives the estimation
accuracy for the shape parameters p,, ¢, and r, . The EKF is not working very well whereas the UKF
demonstrates its good capability for capturing the true trajectories. Comparison of RMSE (in the
unit of mm) of the three feature points on the image plane using the EKF and UKF is summarized in
Table 1. Comparison of RMSE (in the unit of mm) for the feature points of the scene point using the
EKF and UKF is summarized in Table 2.

Figure 5. Sample trajectories for the three feature points on image plane for the case be ImQ.
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Figure 6. Estimation results for parameters c,, c¢,and c, for the three feature points for the
case be ImQ (true-in red; EKF-in green; UKF-in black).
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Figure 7. Estimation errors for the three feature points for the case be ImQ
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Figure 8. Comparison of estimation accuracy for shape parameters p,, ¢, and r,, for the
case be ImQ (true-in red; EKF- in green; UKF-in black).
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Table 1. Comparison of RMSE (in the unit of mm) of the three feature points on the image
plane using the EKF and UKF (be ImQ).

EKF UKF
X y X-y X y X-y
Feature point 1 (x1,y1) ~ 0.0051  0.0057 0.0077 0.0011  0.0011 0.0016
Feature point 2 (x2,y2)  0.0037  0.0037 0.0052 0.0009  0.0008  0.0012
Feature point 3 (x3,y3)  0.0058  0.0043 0.0072 0.0008 0.001 0.0013

Table 2. Comparison of RMSE (in the unit of mm) for the feature points of the scene point
using the EKF and UKF (be ImQ).

EKF UKF
X Y V4 X-Y-Z X Y V4 X-Y-Z
Feature point 1 (x1,y1) 5.35 5.6286 5.4815  9.5053 1.5783 1.7815 0.7082 2.4832
Feature point 2 (x2,y2) 2.4956 1.0329 1.7686  3.2284 0.621  0.2423 0.3968 0.7757
Feature point 3 (x3,y3) 1.6892 2.546 19205 3.6088  0.5264 0.8431 0.5515 1.1367
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Figure 9 shows the sample trajectories for the three feature points on image plane for the case
be ImQ. The performance comparison for EKF and UKF in the case of b¢ ImQ is basically similar
to the results obtained for b e ImQ. The motions are receding to infinitely linearly in time. Figures 10—
12 provide the results for the case when be ImQ . Figure 10 shows the estimation results for
parameters ¢, ¢, and c, for the three feature points; Figure 11 provides the estimation errors for the
three feature points; and Figure 12 gives the estimation accuracy for the shape parameters p,, ¢, and
r, . Comparison of RMSE (in the unit of mm) of the three feature points on the image plane using the
EKF and UKF is summarized in Table 3. Comparison of RMSE (in the unit of mm) for the feature
points of the scene point using the EKF and UKF is summarized in Table 4.

Figure 9. Sample trajectories for the three feature points on image plane for the case be ImQ.
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Figure 10. Comparison of estimation results for parameters ci, ¢z, and c3 for the three
feature points for the case b¢ ImQ (true-in red; EKF- in green; UKF-in black).
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Figure 11. Estimation errors for the three feature points for the case b ImQ.
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Figure 12. Comparison of estimation accuracy for shape parameters p,, ¢, and r,, for the
case bg ImQ (true-in red; EKF- in green; UKF-in black).
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Figure 12. Cont.

40

30

20

1 1 1 1 1 1 | f | 20 1 1 1 1 L 1 1 1 1
41[] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time(sec) Time(sec)

(b) Shape parameter ¢, (¢) Shape parameter r,

Table 3. Comparison of RMSE (in the unit of mm) of the three feature points on the image
plane using the EKF and UKF (bg ImQ).

EKF UKF
X y X-y X y X-y
Feature point 1 (x1,y1) 0.0056 0.0073  0.0092  0.001 0.0011 0.0015
Feature point 2 (x2,y2) 0.0033  0.0029 0.0044 0.0009 0.0008 0.0011
Feature point 3 (x3,y3) 0.0028 0.0025 0.0037 0.0008 0.001 0.0013

Table 4. Comparison of RMSE (in the unit of mm) for the feature points of the scene point
using the EKF and UKF (bg ImQ).

EKF UKF
X Y 7 X-Y-Z X Y 7 X-Y-Z
Feature point 1 (x1,y1) 29116 2557  5.1281 64276 0476 14102 0.7018 1.6455
Feature point 2 (x2,y2) 0.8623 1.0275 1.6439 2.1217 0.0938 0.0894 0.1173 0.1748
Feature point 3 (x3,y3) 0.8424 1.1548 19177 23918 0.0562 0.087 0.1245 0.1619

In general, utilization of an adequate nonlinear model with suitable filter makes it possible to
achieve improved estimation performance. For the problem of single camera based motion and shape
estimation, the UKF-based recursive estimation algorithm is a good alternative adopted for
implementing the estimation of motion and planar surface parameters. The states and the dynamic
process are related nonlinearly. The nonlinearity/uncertainty in the state estimate is suitably taken care
of in the UKF, which has therefore demonstrated substantial state estimation accuracy improvement as
compared to the EKF based approach. When compared with EKF, the UKF method exhibits superior
performance since the series approximations in the EKF algorithm can lead to poor representations of
the nonlinear functions and probability distributions of interest.
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7. Conclusions

Various engineering applications, such as robotics and machine vision, require the estimation of
positions and velocities of moving features in space, leading to the problem of estimating motion and
shape parameters of moving features from their corresponding image data observed over time. To
alleviate the noise and obtain better estimation accuracy in feature points on the moving objects, the
filtering/estimation approach can be used. A variety of estimation techniques have been adopted to
reduce the noise. One of the most important ones is the extended Kalman filter (EKF).

As compared to the EKF’s linear approximation, the unscented transformation is accurate to the
second order for any nonlinear function. In light of unscented Kalman filter’s superiority over the
extended Kalman filter, this paper has presented a deterministic sampling of UKF approach for
estimating motion and shape parameters of feature points on the moving object. Such a motion is
described by the nonlinear model with skew symmetric matrix Q , which is widely used in the theory
of machine vision. The reason is due to the fact that the UKF is able to deal with the nonlinear
formulation, which will ensure better accurate parameter estimation. For the nonlinear estimation
problem, alternatives for the classical model-based extended Kalman filter (EKF) can be employed.
The UKF is a nonlinear distribution approximation method, which uses a finite number of sigma points
to propagate the probability of state distribution through the nonlinear dynamics of system. The UKF
exhibits superior performance when compared with conventional EKF since the series approximations
in the EKF algorithm can lead to poor representations of the nonlinear functions and probability
distributions of interest.

The analyses were confirmed by simulation studies. For both cases, b€ ImQ andb¢ ImQ, motion
and shape parameters were recovered successfully with remarkable accuracy improvement. The results
obtained shows that the proposed UKF method have been compared to the EKF and have
demonstrated substantial improvement in obtaining the motion and shape of moving objects.

Acknowledgements

This work has been supported in part by the National Science Council of China under grant NSC
97-2221-E-019-012 and NSC 98-2221-E-019-021-MY3. Valuable suggestions and detailed comments
by the anonymous reviewers are gratefully acknowledged.

References

1. Loucks, T.; Ghosh, B.K.; Lund, J. An Optical Flow Based Approach for Motion and Shape
Parameter EstimaTion in Computer Vision. In Proceedings of the 31st IEEE Conference on
Decision and Control, Tucson, AZ, USA, 16—-18 December 1992; pp. 819-823.

2. Ghosh, B.K.; Loucks, E.P. A perspective theory for motion and shape estimation in machine
vision. SIAM J. Control Optim. 1995, 33, 1530-1559.

3. Derpanis, K.G. The Motion Field and its Affine Approximation 2004. Available online:
http://www.cse.yorku.ca/~kosta/CompVis Notes/motion_field review.pdf/ (accessed on 7 July
2011).



Sensors 2011, 11 7454

10.

1.

12.

13.

14.

15.

16.

17.

Kano, H.; Ghosh, B.K. Identification of Relative Position and Orientation of Two Cameras from
Motion and Shape Parameters of Moving Rigid Body. In Proceedings of the 39th IEEE
Conference on Decision and Control, Sydney, Australia, 12—15 December 2000; pp. 5169-5174.
Takahashi, S.; Ghosh, B.K. Motion and Shape Parameters Identification with Vision and Range.
In Proceedings of the American Control Conference, Arlington, VA, USA, 25-27 June 2001;
pp. 4626-4631.

Dogan, E.; Yilmaz, B.; Unel, M.; Sabanovic, A. A Sliding Mode Approach to Visual Motion
Estimation. In Proceedings of the 9th IEEE International Workshop on Advanced Motion Control,
Istanbul, Turkey, 27-29 March 2006; pp. 733-738.

Brown, R.G.; Hwang, P.Y. C. Introduction to Random Signals and Applied Kalman Filtering;
John Wiley & Sons: New York, NY, USA, 1997.

Kim, E.T.; Han, J.-K.; Kim, H.-M. A Kalman-Filtering Method for 3D Camera Motion Estimation
from Imagine Sequences. In Proceedings of the International Conference on Image Processing,
ICIP'97, Washington, DC, USA, 26-29 October 1997; Volume 3, pp. 630-633.

Kano, H.; Ghosh, B.K.; Kanai, H. Single camera based motion and shape estimation using
extended kalman filtering. Math. Comput. Modell. 2001, 34, 511-525.

Wan, E.A.; van der Merwe, R. The Unscented Kalman Filter for Nonlinear Estimation.
In Proceedings of the Adaptive Systems for Signal Processing, Communication and Control
(AS-SPCC) Symposium, Alberta, AB, Canada, 1-4 October 2000; pp. 153-156.

Wan, E.A.; van der Merwe, R. The Unscented Kalman Filter. In Kalman Filtering and Neural
Networks; Haykin, S., Ed.; Wiley: New York, NY, USA, 2001.

Simon, D. Optimal State Estimation: Kalman, H Infinity, and Nonlinear Approaches; John Wiley
& Sons: New York, NY, USA, 2006.

Julier, S.J.; Uhlmann, J.K. Reduced Sigma Point Filters for the Propagation of Means and
Covariances through Nonlinear Transformations. In Proceedings of the American Control
Conference, Anchorage, AK, USA, 8-10 May 2002; pp. 887-892.

Li, Y.; Wang, J.; Rizos, C.; Mumford, P.; Ding, W. Low-Cost Tightly Coupled GPS/INS
Integration Based on a Nonlinear Kalman Filter Design. In Proceedings of the 2006 National
Technical Meeting of The Institute of Navigation, Monterey, CA, USA, 18-20 January 2006;
pp- 958-966.

Julier, S.J. The Scaled Unscented Transformation. In Proceedings of the American Control
Conference, Anchorage, AK, USA, 8—10 May 2002; pp. 4555-4559.

Van der Merve, R.; Doucet, A.; de Freitas, N.; Wan, E. The Unscented Particle Filter; Technical
Report CUED/F-INFENG/TR 380; Cambridge University Engineering Department: Cambridge,
MA, USA, August 2000.

Pourtakdoust, S.H.; Ghanbarpour, Asl, H. An adaptive unscented Kalman filter for
quaternion-based orientation estimation in low-cost AHRS. Aircr. Eng. Aerosp. Technol. 2007, 79,
485-493.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /Algerian
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Basemic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DejaVuSans
    /DejaVuSans-Bold
    /DejaVuSans-BoldOblique
    /DejaVuSansCondensed
    /DejaVuSansCondensed-Bold
    /DejaVuSansCondensed-BoldOblique
    /DejaVuSansCondensed-Oblique
    /DejaVuSans-ExtraLight
    /DejaVuSansMono
    /DejaVuSansMono-Bold
    /DejaVuSansMono-BoldOblique
    /DejaVuSansMono-Oblique
    /DejaVuSans-Oblique
    /DejaVuSerif
    /DejaVuSerif-Bold
    /DejaVuSerif-BoldItalic
    /DejaVuSerifCondensed
    /DejaVuSerifCondensed-Bold
    /DejaVuSerifCondensed-BoldItalic
    /DejaVuSerifCondensed-Italic
    /DejaVuSerif-Italic
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GentiumBasic
    /GentiumBasic-Bold
    /GentiumBasic-BoldItalic
    /GentiumBasic-Italic
    /GentiumBookBasic
    /GentiumBookBasic-Bold
    /GentiumBookBasic-BoldItalic
    /GentiumBookBasic-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kingsoft-Phonetic
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LevenimMT
    /LevenimMTBold
    /LiberationSansNarrow
    /LiberationSansNarrow-Bold
    /LiberationSansNarrow-BoldItalic
    /LiberationSansNarrow-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OpenSymbol
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


