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Abstract - For land-based navigation, Euler angles are 
often used in INS/GPS integrated navigation systems. 
However, the trigonometric operations required in the 
updates and forming of the rotation matrices for 
transforming the INS measurements from the body 
frame to the navigation frame turns the system model to 
be highly nonlinear. Besides, using low-cost MEMS-
based IMUs, the gyroscope bias errors must be correctly 
estimated and compensated, which makes the 
nonlinearity problem a critical one. In this contribution, 
three Kalman filtering methods (i.e., Extended Kalman 
filter with simplified system model, Extended Kalman 
filter with linearized system model and Unscented 
Kalman filter with nonlinear system model) are utilized 
in INS/GPS tightly-coupled integration. Simulations 
and field experiments are conducted. Numerical results 
are compared in terms of both estimation accuracy and 
processing time. 
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1 Introduction 
The Global Positioning System (GPS) is widely used in 
navigation. The GPS receiver can offer long-term stable 
absolute positioning information with output rate at around 
1 to 10 Hz. However, the system performance depends 
largely on the signal environments. In an inertial 
navigation system (INS), the angular rate and specific 
force measurements from the inertial measurement unit 
(IMU) are processed to yield the position, velocity and 
attitude solution. Such systems can navigate autonomously 
and provide measurements at a higher data rate (e.g., 100 
Hz). However, the system has to be initialized and 
calibrated carefully before application. Moreover, the 
sensor errors are growing unboundedly over time. Due to 
the complimentary characteristics of GPS and INS, they 
are often integrated to obtain a complete and continuous 
navigation solution.  
The INS and GPS are often integrated either in loosely-
coupled or in tightly-coupled manners. The loosely-

coupled integration has a decentralized estimation 
architecture, which uses the output of the navigation 
solutions from a GPS receiver and an INS. The drawbacks 
are that typically four satellites have to be in view to 
obtain the updates from the GPS receiver, and the filter 
cascading problem may occur in case that one Kalman 
filter (KF) is used for GPS and another is used for 
integration. In the tightly-coupled integration, only one 
centralized KF is used, and the pseudorange and delta 
pseudorange measurements are directly employed in the 
filter. In such cases, if the number of tracked satellites 
drops below four, the information from the remaining 
satellites can still be used to update the INS estimates. 
Hence, it is considered in this contribution. 
Regarding the INS/GPS tightly-coupled integration based 
on Euler angles, the system dynamic and observation 
models are both highly nonlinear. The extended Kalman 
filter (EKF) is considered as the state-of-the-art for fusing 
the INS and GPS data. However, the filter model relies on 
the first order linearization of the nonlinear system models. 
Moreover, the linearization of the nonlinear system 
models may be a complicated mathematical task. 
Simplifications are often made when certain rules are met, 
which will be discussed in Section 3.1. The unscented 
Kalman filter (UKF) was proposed by Julier as another 
nonlinear filter. When both the process and measurement 
noises are Gaussian distributed, its estimation accuracy 
can reach up to the third order of the Taylor series 
expansion for any nonlinearity [4]. With the recent 
advances in computer technology, more advanced 
nonlinear filtering algorithms can be used in navigation, 
e.g., the particle filter related algorithms [1]. For accurate 
attitude determination, extra sensors can be employed. For 
instance, the integration of an INS with a non-dedicated 
multi-antenna GPS system using double difference carrier 
phase measurements are exploited and the results are 
presented in [3].  
In the integration of a single GPS receiver antenna and an 
INS without redundant attitude information (e.g., from 
magnetometers, or multi-antenna GPS systems), the INS 
attitude and sensor bias errors are weakly observable and 



are essentially corrected by the GPS velocity 
measurements through the off-diagonal parameters in the 
error covariance matrices in the KF. It is the nonlinear 
system model that relates the attitude errors, sensor bias 
errors with the position and velocity estimation errors. 
Therefore, this nonlinearity must be carefully treated 
when accurate navigation solutions are demanded. 
However, how severe will this nonlinearity influence the 
system estimation accuracy? What are the difficulties 
using an EKF and what is the limitation of the simplified 
linear system model? Because a thorough analysis on 
these points has not been found by the authors, in this 
paper, they will be studied through both simulation tests 
and field experiments. 
In the remainder of this paper, the content is organized as 
follows. In Section 2, the nonlinear INS process model 
using Euler angles is given. In Section 3, three approaches 
for tackling this nonlinearity are introduced. In Section 4, 
simulations are conducted based on a high dynamic 3D 
UAV trajectory. In Section 5, a field experiment is made 
and estimation results are analyzed. Last but not least, a 
short summary is given at the end of the paper. 

2 Nonlinear INS process model with Euler 
angles 

The INS process model we used is often seen for the low-
cost micro-electromechanical (MEMS) based IMUs, and 
it is used as the system dynamic model in INS/GPS 
integrated navigation systems. For a low-cost IMU, the 
effects from the earth rotation cannot be observed, and 
hence, they are not considered in the model. Moreover, in 
strap-down processing and in the system model for the 
KF, the transport rate and Coriolis terms have been 
neglected for simplicity. The simplified mechanization 
model in discrete time can be expressed in navigation 
frame as: 
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(1) 

where k is the time instant; bf  is the measurement vector 
of the specific force; bω  represents the measurement 
vector of angular rate; ng  is the local gravity vector; ψ  is 
the Euler angles; 2b nR  is the frame rotation matrix from 
body frame to north east and down (NED) navigation 
frame, and 2b nE  is the rotation rate transformation matrix 
between body and navigation frame. 
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where CX , SX  and TX  represent the trigonometric 
operations of cosine, sine and tangent respectively. The 

, ,θ φ ϕ  denote the roll, pitch and yaw. The ,
ˆbias
b kf  and ,ˆ bias

b kω  
in Equation (1) are the estimated specific force and 
angular rate bias errors. These bias errors have non-
Gaussian characteristics and must be estimated and 
corrected carefully. For low-cost MEMS-based IMUs, the 
gyro bias errors are critical. This is due to the fact that they 
will be integrated to form the Euler angles, which are then 
used to build the vector transformation matrices for 
transforming the accelerometer measurements from the 
body frame to the navigation frame. After integrations, 
these errors turn out to be the position and velocity drifts 
in the navigation frame [9]. 

3 Kalman filtering methods 
Three Kalman filtering methods are compared in this 
paper, which are the EKF with simplified system model; 
the EKF with linearized system model and the UKF with 
nonlinear system model. 

3.1 EKF with simplified system model 
The direct linearization of Equation (1) is difficult due to 
the trigonometric operations contained in 2b nR  and 2b nE . 
Simplifications can be made when the following rules are 
met: 
1) Accurate INS self alignment and calibration processes 
are conducted before the application. 
2) The angular changes between INS data update interval 
are small so that small angle assumptions, i.e., cos( ) 1δθ ≈  
and sin( )δθ δθ≈ , can be made. 
Fulfilling the above requirements, the simplified discrete-
time linear system model is given in Equation (3). The 
error states are used, which include the position and 
velocity estimation errors in NED navigation frame; 
attitude errors (i.e., roll, pitch and yaw); accelerometers 
and gyro bias errors in body frame and receiver clock bias 
and clock drift errors in distance. 
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(3) 
where ˆ[ ]n×f  is the skew-symmetric matrix of 2

ˆ ˆ
n b n b=f R f , 

and ˆ ˆbias
b b b= −f f f . The unknown time-varying gyroscope 

and accelerometer bias errors bδf  and bδω  are modeled as 
random-walk plus constant [5]. The receiver clock drift 
error c tδ  is modeled as random walk, while the receiver 
clock bias c tδ  is the integral of the clock drift error. 
The derivations of Equation (3) are encountered often in 
literature, and the equations shown in this section follow 
[6-7]. 



In the inertial frame, the inertial acceleration iv  measured 
on the Earth is equal to the acceleration measured by the 
accelerometers if  compensated for the Earth’s gravity ig , 
Coriolis acceleration i

ie i×ω v  and centripetal acceleration 
i i
ie ie× ×ω ω r  as: 

( ) ( )i i i
i i i ie ie ie i= + − × × − ×v f g ω ω r ω v  (4) 

where i
ieω  is the earth rotation with respect to the inertial 

frame, and iv  is the earth-relative velocity expressed in 
the inertial frame. 
In the earth frame, the acceleration of the vehicle ev  with 
respect to the earth is equal to the inertial acceleration of 
the vehicle iv  transformed over to the earth frame minus 
the Coriolis acceleration i

ie e×ω v  due to the velocity ev  of 
the vehicle over a rotating earth: 

2
i

e i e i ie e= − ×v R v ω v  (5) 
For the low-cost MEMS-based IMU, the earth rotation 
cannot be detected. Thus, substituting Equation (4) in 
Equation (5) with i

ieω  equals to zero vector: 

e e e= +v f g  (6) 

where ef  represents the acceleration measured by the 
accelerometers in the body frame expressed in the earth 
frame. With constant gravity vector, by the definition of 
perturbation, we arrive at: 

2 2
ˆˆ ˆ

e e e b e b b e bδ = − = −v v v R f R f  (7) 

The direction cosine matrix 2
ˆ

b eR  is the true 
transformation matrix 2b eR  misaligned by the small 
misalignment angles [ ]δ ×ψ  as: 

2 3 3 2
ˆ ( [ ])b e b eδ×= − ×R I ψ R  (8) 

Substituting Equation (8) into Equation (7) yields: 

2 2 2

2 2

ˆ( [ ] )
ˆ ˆ[ ] [ ]

e b e b e b b e b

b e b e b e b e

δ δ

δ δ δ δ

= − × −

       = − × = + ×

v R ψ R f R f

R f ψ f R f f ψ
 

(9) 

where ˆ
b b bδ = −f f f , and ˆ ˆ[ ] [ ]e eδ δ× = − ×ψ f f ψ .  

Rearranging Equation (8) yields: 

3 3 2 2
ˆ[ ] T

b e b eδ ×× = −ψ I R R  (10) 

After differentiating we have: 

2 2 2 2
ˆ ˆ[ ] T T

b e b e b e b eδ × = − −ψ R R R R  (11) 

With small angle transformations, the derivative of the 
direction-cosine matrix can be formulated as: 

2 2 2 2
ˆˆ ˆ and b b

b e b e be b e b e be= =R R Ω R R Ω  (12) 

where b
beΩ  and ˆ b

beΩ  are the skew-symmetric 
representation of the angular rotation rate vector in the 
body frame with respect to the earth frame.  
Substituting Equation (12) into Equation (11) gives: 
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For the skew symmetric matrix b
beΩ , we have 

[ ]b T b
be be= −Ω Ω , and let ˆb b b

be be beδ = −Ω Ω Ω . Substituting 
Equation (8) in Equation (13) yields: 
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The product of 2 2[ ] b T
b e be b eδ δ×ψ R Ω R  is negligible due to 

the small terms [ ]δ ×ψ  and b
beδΩ . Thus, we have: 

2 2 2[ ] [ ]b T b
b e be b e b e beδ δ δ× = − = − ×ψ R Ω R R ω  (15) 

While the gyroscope measures the total inertial rotation 
b
ibω  which comprises b

beω  plus rotation of the earth with 
respect to the inertial frame expressed in the body frame. 
Thus the following relationship exists: 

2
b b i
be ib i b ieδ δ δ= −ω ω R ω  (16) 

The earth rotation rate is considered as constant, i.e., 
i
ieδ =ω 0 . Thus, we have b b

be ibδ δ≈ω ω . Substituting this in 
Equation (15), we get: 

2 2[ ] [ ]b b
b e ib b e ibδ δ δ δ× = − × ⇒ = −ψ R ω ψ R ω  (17) 

Having the Equations (9) and (17), and denoting the b
ibδω  

as bδω  for simplicity, the inertial error models can be 
formed as: 
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The NED navigation frame is a type of earth frame and 
often used for land vehicle applications. Hence, it is used 
in this contribution. Equation (18) is in the continuous 
time domain. The discrete-time system transition matrix is 
given in Equation (3). 

3.2 EKF with linearized system model 
In this method, the error states are still used, which are 
given in Section 3.1. The nonlinear INS process model is 
shown in Equation (1). The linearization is conducted at 
the updated trajectory during the run-time. The derivation 
of the Jacobian matrix for this nonlinear system model 
(i.e., with respect to the current updated position, velocity, 
attitude, accelerometer bias, gyro bias, clock bias and 
clock drift estimates) is a complicated mathematical task, 
which is shown in Equation (19).  
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where 
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where ˆ ˆ bias
x x xf f f= − , ˆ ˆ bias

y y yf f f= − , ˆ ˆ bias
z z zf f f= − , 

ˆ ˆ bias
y y yω ω ω= − , ˆ ˆ bias

z z zω ω ω= −  are the IMU raw data 
compensated with the estimated sensor bias errors 
expressed in the body frame; , andCX SX TX   are the 
mathematical operations of cosine, sine and tangent 
respectively, and 2 2,C X T X  represent the square of 
cosine and tangent operations. The linearization is 
accomplished using the “Jacobian” function in MATLAB. 

3.3 UKF with nonlinear system model 
In the UKF algorithm, the nonlinear system models are 
directly applied to the sigma points to yield their 
transformed state vectors, from which the a priori and a 
posteriori estimates are derived. Total states are used in 
this method. Consider the case that the system process and 
measurement noises are additive and Gaussian distributed: 
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The following algorithm from [4,10] is used in this paper: 
1)  Initialization 
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5)  Predict measurements 
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7)  Measurement update 
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where ‘n’ denotes the dimension of the system state 

vector. ( )1kn +
−P  is the matrix square root of 1kn +

−P , such 

as ( ) ( )1 1 1

T

k k kn n n+ + +
− − −=P P P , which can be obtained 

from the Cholesky factorization ‘CHOL’ in MATLAB. 

( )1k
i

n +
−P is the i-th row of ( )1kn +

−P . ( )1

T

k
i

n +
−P  is the 

transpose of ( )1k
i

n +
−P . kQ  is the covariance matrix of 

the additive system process noise. kR  is the covariance 

matrix of the additive measurement noise. 

4 Simulation Test 
In this test, a 3D UAV trajectory is used as shown in 
Figure 1. The velocity dynamic profile is plotted in Figure 
2. The UAV is flying at the norm velocity of 40 m/s, 
which is 144 km/h. In the north and east directions, the 
velocities vary dramatically from approximately +40 m/s 
to -40 m/s just in a few seconds. 
This trajectory is derived from the strapdown processing 
of the field collected high quality IMU raw data. It is 
considered as the reference for generating GPS 
measurements (i.e., pseudorange and Doppler, where the 
Doppler measurement is derived from the first order 
central difference of the carrier-phase data 

( ) ( ) ( )
1 1( ) / (2 )n n n

k k kd tφ φ+ −≈ − ⋅ Δ ) using the SATNAV toolbox 
from GPSoft LLC. It needs to be noted that such an 
approximation of instantaneous Doppler measurements 
using carrier phase data at low output rate (i.e., 1 Hz or 5 
Hz) is very poor for high dynamic applications [8]. One 



solution proposed by the author on this problem is 
presented in [2]. In this paper, we simply use 50 Hz 
carrier phase data to derive the Doppler measurements. 
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Figure 1. UAV trajectory. 
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Figure 2. Velocity dynamic profile. 

 
For the INS/GPS integration, we assume that a NovAtel 
DL-4plus GPS receiver is used. From the specification, 
we know that when the receiver is navigating under 
benign signal environment, in differential GPS mode, the 
typical values for position and velocity estimation errors 
are 0.45 m CEP and 0.03 m/s RMS respectively. Hence, 
we reasonably simulate 0.5 m (1σ ) thermal noise errors 
on the pseudorange, and 0.02 m/s (1 σ ) thermal noise 
errors on the Doppler measurements. For the multipath, 
we use the SATNAV toolbox to generate the errors. The 
parameters we have chosen are 0.4 m (1σ ) for generating 
multipath errors on pseudorange, and 0.01 m/s (1σ ) for 
generating errors on the Doppler. Time constant is chosen 
to be 15 s. Regarding the IMU, an automotive level 
MEMS-IMU is simulated. The main sensor errors are 
shown in Table 1. 
 
Table 1．Error statistics of the simulated IMU data (1σ ). 
Gyroscope 
(Angular rates) 

Bias stability  Noise (ARW)  
3600 [°/h] 0.05 [°/s/√Hz] 

Accelerometer 
(Specific forces) 

Bias stability  Noise (VRW)  
2400 [µg] 1000 [µg/√Hz] 

 
The IMU raw data (simulated errors plus the field 
collected high quality IMU raw data) in body frame are 
plotted in Figure 3. 
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Figure 3. IMU raw data. 

 
For the integrated KF, the system time-update happens at 
the IMU data update rate, which is 50 Hz, while the 
system measurement update happens at the GPS data 
update rate, which is 5 Hz. The simulation is conducted 
with 8 satellites in view. The 100 s INS self alignment and 
calibration process is conducted before the simulation. 
The attitude estimation errors are plotted in Figure 4. The 
attitude norm error is calculated as 

2 2 2ψk k k kδ δθ δφ δϕ= + + . 
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Figure 4. Attitude estimation errors (with calibrated Gyros) 

 
As shown in the figure, the UKF and EKF with linearized 
system model show similar estimation results. This is 
because the main INS sensor errors (i.e., gyro bias) are 
corrected from the self alignment and calibration process. 
The green curves show the attitude estimation errors from 
the EKF with the simplified model. They do not follow 
the curves from the former two methods, and the 
estimation accuracy is also slightly worse. That is because 
the trajectory used in this simulation contains high 
dynamics. As shown in Figure 3, the angular rate 



measurement from x axis reaches 50 deg/s from time to 
time. This leads the small angle assumption to be poor. 
However, the attitude errors are still bounded. 
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Figure 5. Gyro bias estimation errors (with un-calibrated Gyros). 

 
Figure 5 shows the case that without INS self alignment 
and calibration processes, using the UKF and EKF with 
linearized system model, the gyro bias errors are correctly 
estimated. The curves in the figure represent the 
difference between the true simulated gyro biases and the 
estimated gyro biases. If the gyro biases are correctly 
estimated, these residuals will approach zero. 
The advantage of using UKF can be observed, especially 
in the converging process. The EKF with simplified 
model does not work at all. It is because the gyro bias 
errors simulated in this test are large, (i.e., 3600 deg/hr as 
one sigma value), these gyro bias errors are contained in 
the gyro angular rate measurements, which makes the 
small angle assumption invalid. 
5 Field Test 
A field test is conducted based on the train from the city 
of Betzdorf to Siegen in Germany. The trajectory lasts 800 
s. Only the UKF and EKF with linearized system model 
are considered in this test. One LandmarkTM20 MEMS-
based IMU (100Hz) and one Ublox Antaris 4 (1Hz) GPS 
receiver are used. The trajectory contains 4 tunnels (GPS 
outages). The navigation solution from processing the raw 
data of a Ublox Antaris 4 GPS receiver using a least 
squares estimation method is presented in Figure 7. The 
number of tracked satellites is shown in the lower subplot 
of Figure 7.  
The horizontal velocity estimates of INS/GPS integration 
system using the UKF are given in Figure 8. The INS 
bridges the GPS outage successfully. The IMU raw data 
are given in Figure 9. 
 

 
Figure 6. Field experiement trajectory. 
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Figure 7. GPS signal conditions. 
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Figure 8. Velocity estimates in horizontal plane. 
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Figure 9. LandmarkTM20 raw data. 



 
The estimated gyro bias errors are depicted in Figure 10. 
Both the EKF and UKF are tuned to trust more on the GPS 
measurements by giving relatively larger diagonal 
parameters in the process error covariance matrix Q in the 
KF. No specific self alignment and calibration processes 
have been conducted before the experiment starts, and the 
gyro bias errors are unknown. The GPS pseudorange and 
Doppler measurements derived from the Ublox Antaris 4 
GPS receiver are poor. Thus, we use 100 m for 
pseudorange and 0.1 m/s for Doppler as diagonal 
parameters in the measurement error covariance matrix R.  
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Figure 10. Estimated Gyro biases. 

 
As shown in the figure 10, the UKF presents improved 
estimation performance as compared with the EKF, 
especially in the system converging process. If larger error 
covariance parameters are used in R with smaller 
parameters used in Q, both curves will be smoother, 
nevertheless, it will take more time for the filters to 
converge. Under the current setting, after 200 s, the 
estimated gyro bias errors from both methods have 
converged to approximately the same values.  
The INS/GPS (UKF) estimated and gyro accumulated 
Euler angles are plotted in Figure 11. For land vehicle 
applications, the yaw angle can normally be derived from 
the north and east velocity estimates, i.e., 

atan2( )E Nv vϕ = . The angles calculated by atan2 are 
limited to the interval between -180 to +180 degrees. 
However, they are transformed to 0 to 360 degrees to 
comply with the readings from LandmarkTM20 IMU. Due 

to the calculation of tangent (i.e., sin( )tan( )=
cos( )

E

N

v
v

ϕϕ
ϕ

= ), 

when both the north and east velocities are approaching 
zero from either positive or negative side due to the 
measurement noises, (i.e., two stops are made by the train 
from 120 s to 160 s and 500 s to 550 s, where actually both 
the north and east velocities are nearly zero, as shown in 
Figure 8), the yaw estimates in these periods are 
completely wrong, as shown in Figure 11. 
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Figure 11. Estimated and Gyro accumulated Euler angles. 

 
For the standalone INS, the gyro sensor errors (i.e. sensor 
bias and noise errors) are integrated to yield the Euler 
angle errors, as shown in Figure 11, which are drifting 
over time. When the pitch angle approaches ± 90 degrees, 
a singularity problem will appear. As shown in Equation 
(2), the definition of roll angle is proportional to 
Tangent(Pitch), and yaw angle is proportional to 
1/Cosine(Pitch). This means that the roll and yaw angles 
will be undefined at ± 90 degrees pitch angle. And large 
errors will occur when the pitch angle is approaching ± 90 
degrees. For the INS/GPS integrated system, the Euler 
angles do not drift at all. That is because the sensor bias 
errors are correctly estimated, as shown in Figure 10. This 
also proves that the gyro bias errors are the dominant 
source of errors in the attitude determination for a low-cost 
INS/GPS integrated system. 
The Euler angles estimated from the EKF and UKF 
algorithms are plotted in Figure 12. The readings from the 
magnetometers mounted inside of the LandmarkTM20 IMU 
are used to initialize the integrations (i.e., the initial Euler 
angles in Figure 12 are not zeros). Nevertheless, the 
system performances from the magnetometers depend 
largely on the environment. And there is no proof to say 
that its attitude solution can be better than the attitude 
estimates from the INS/GPS tightly-coupled integration. 
Therefore, we cannot use it as reference. We show the 
attitude estimation solutions from the EKF and UKF 
algorithms in Figure 12 directly.  
With approximately correctly initialized attitude 
information, the EKF and UKF present similar system 
performances on attitude determination (i.e., no 
convergence process). However, we believe that the UKF 
presents better estimation results than the EKF for two 
reasons. Firstly, the gyro bias errors are faster and more 
smoothly estimated by the UKF algorithm, as shown in 
Figure 10. And secondly, large multipath effects will yield 
large innovation sequences in the KF. The UKF can 
achieve at least the 2nd order estimation accuracy from the 
Taylor series expansion, while the EKF is only at the first 
order accuracy, which causes the system performances 



from the EKF more easily to be degraded by the external 
disturbances. 
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Figure 12. Euler angles estimated using EKF and UKF. 

 
One disadvantage of the UKF algorithm is its higher 
processing load. The computer utilized for fusing the GPS 
and INS data in this paper is equipped with an Intel 
Core2Extreme X6800 CPU (2x2.93GHz) with 2GB DDR2 
RAM. MATLAB R2009b is used. The computational time 
of the EKF for processing the whole set of collected GPS 
(1Hz) and IMU (100Hz) data is 85 s. For the UKF, it takes 
233 s. The computational burden from the UKF is mainly 
coming from the time update part of the algorithm, which 
is at the IMU data update rate (100Hz). That is, the filter 
needs to pass 2*n (i.e., n is the dimension of the state 
vector, and in our case it is 17) sigma points through the 
nonlinear system model at 100 Hz update rate. For 
reducing this processing load, we can use the EKF 
linearized system model at the time update of KF, and 
apply the UKF algorithm in the measurement update phase 
of the KF, which is at the GPS measurement update rate 
(1Hz). The system performance from such a combination 
has not yet been investigated, which leads to the future 
work. 

Conclusion 
In an INS/GPS integrated navigation system, the system 
models are highly nonlinear. Three Kalman filtering 
methods are employed to investigate the influence of the 
nonlinearity on the system estimation performance. 
Simulations are conducted based on a high dynamic UAV 
trajectory, and a field experiment is made using the train. 
Numerical results show that using the UKF and EKF with 
linearized model, the gyro bias errors can be correctly 
estimated. For the EKF with simplified model, it works 
only when certain rules are met. The UKF presents 
improved estimation accuracy, especially in the 
convergence process and when large disturbances are 
presented on the GPS signals. However, its computational 
burden is significantly increased. 

Acknowledgement 
Part of the work reported herein has been funded by the 
German Science Foundation (DFG), grant number KN 
876/1-2, which is gratefully acknowledged. 

References 
[1] J.C. Zhou, S. Knedlik and O. Loffeld, INS/GPS 
Tightly-coupled Integration using Adaptive Unscented 
Particle Filter, The Journal of Navigation, Vol.63, No.3, 
July, 2010. 
 
[2] J.C. Zhou, S. Knedlik and O. Loffeld, Tightly-coupled 
MEMS-INS/GPS Integration using Sequential Processing 
Method, ION GNSS 2009, Savannah, Georgia, USA. 
September 16-19, 2009. 
 
[3] S. Knedlik, J.C. Zhou and O. Loffeld, On position and 
attitude estimation for remote sensing with bistatic SAR, 
Geoscience and remote sensing, In-Tech, Book chapter, pp. 
75-90, Vukovar, 2009. http://sciyo.com/books/show/ 
title/geoscience-and-remote-sensing 
 
[4] S.J. Julier and J.K. Uhlmann. Unscented Filtering and 
Nonlinear Estimation. IEEE Review, 92(3), March 2004. 
 
[5] J.A. Farrel, Aided Navigation: GPS with High Rate 
Sensors, McGraw-Hill, New York, 2008. 
 
[6] S. Sukkarieh, Low Cost, High Integrity, Aided Inertial 
Navigation Systems for Autonomous Land Vehicles, Ph.D 
Dissertation, University of Sydney. 
 
[7] D.H. Titterton and J.L. Weston (2004). Strapdown 
Inertial Navigation Technology, 2nd ed., Institution of 
Engineering and Technology. 
 
[8] P. Misra and P. Enge, Global Positioning System, 
Signals, measurements, and Performance, 2nd ed., Ganga 
Jamuna Press, Lincoln, 2006. 
 
[9] N. EI-Sheimy and X. Niu, The Promise of MEMS to 
the Navigation Community, InsideGNSS, pp. 46-56, April 
2007. 
 
[10]  D. Simon, Optimal State Estimation: Kalman, 
Hinfinity, and Nonlinear Approaches, 1st ed., John Wiley 
and Sons., New Jersey, 2006. 

Biography 
Junchuan Zhou obtained the M.Sc.degree in Mechatronics 
from the University of Siegen, Germany, in 2006. He is 
currently pursuing his Ph.D. in Electrical Engineering 
within the International Postgraduate Programme (IPP) of 
Multi Sensorics at the Center for Sensorsystems (ZESS) in 
the University of Siegen. His current research interest is 
GPS/INS integration using nonlinear filtering methods. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /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
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /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
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /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
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


