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Abstract—Spherical mobile robot has the characteristics of
compact structure and agile motion and is promising to be used
in unmanned environment. Designed for environment
exploration, a spherical mobile robot BHQ-2 was briefly
introduced. The kinematic equation of BHQ-2 was established
and its controllability was proved with controllable Lie algebra.
Based on the Ritz approximation theory, the near-optimal
trajectory of BHQ-2 was planned with the Gauss-Newton
algorithm. Simulation results and experimental results of the
spherical mobile robot to plan trajectory with the method were
presented.
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L INTRODUCTION

Spherical mobile robot is a special type of mobile robot that
has a ball-shaped outer shell to include all the mechanism,
control devices and energy sources inside. Different from such
traditional mobile robots as wheeled robot, tracked robot,
spherical mobile robot realizes its motion with the principles of
offset of gravity center or conservation of momentum. The
special structure and driving manner make spherical mobile
robot have some unique characteristics, such as compact and
well-sealed structure, agile motion and never overturning. For
example, a spherical mobile robot can pass through a narrow
and bending area that is a little bigger than its diameter, where
no traditional mobile robots can get across at present. Spherical
mobile robot has the advantage to survive in such unmanned or
harsh environment as outer planets, deserts and earthquake
ruins, to do some exploration or reconnaissance taskst" ).

From the perspective of control, spherical mobile robot is a
kind of nonholonomic system that can control more degrees of
freedom with less drive inputs, and researchers have done some
work on its motion analysis and control. Aarne Halme, Jussi
Suomela, et al established the kinematic and dynamic model of
a spherical mobile robot and made some studies on its open-
loop path planning. Experiment results showed that the control
performance of this spherical mobile robot was poor[l]. Bicchi,
et al established a quasi-static kinematic model and a planar
Lagrangian dynamic model of a spherical mobile robot, and
realized the trajectory planning by the way of subsection input.
It’s shown that those models are only valid in limited
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conditions™®. Shourov Bhattacharya and Sunil K. Agrawal
deduced the first-order mathematical model of a kind of
spherical mobile robot from the non-slip constraint and the
conservation of angular momentum, and studied its path
planning based on the strategy of optimal time and energy,
simulations and experiment results were presentedm. Amir
Homayoun Javadi, et al developed a kind of spherical mobile
robot by adjusting the weights of four spokes respectively to
change the gravity center of the robot. Dynamic modelling,
path planning were also studied, and motion of the robot in a
small range was simulated and analyzed[s]. Zhan Qiang, Zhou
Tingzhi, et al established the dynamic model of BHQ-1 with a
simplified Boltzmann-Hamel equation and deduced the
expressions of the input moments of two motors to drive the
robot to move along straight trajectory and circular trajectory
. [15] .

separately from the dynamic model" . In the aspect of optimal
control of nonholonomic system, Brockett first systematically
studied the optimal control of non-drift nonholonomic system,
by constructing Lagrangian functions and Lagrangian equations
with object functions, the conclusion that the optimal input is
Sine function and elliptic function respectively was achieved”).
Upon this result, Murray and Sastry applied the Sine function
input into the control of the nonholonomic chained system[lo].
Royhanoglu applied the Stokes theorem and the Taylor series
expansion into the nonholonomic system and proposed a new
motion planning algorithm[“]. Gurvits et al, studied the motion
planning problem of the nonholonomic system based on the
average theorem, and their basic idea is to move in the
direction according to the Lie brackets by using cycle control
inputs of high-frequency and high-amplitude, thus adjust the
system to the goal position from the initial point[lz]. Leomard et
al also made some research on the motion planning of the
nonholonomic system based on the average theorem!' ™,

As a whole, at present the research on the control of
spherical mobile robot is still on the initial stage, although
some researchers have done some work, there still isn’t
systematic theory or methods that have reliable and stable
control results.

In this paper, the spherical mobile robot of BHQ-2 was
introduced firstly, and then the kinematic model and
controllability of this system were analyzed, after that, the near-
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optimal trajectory of the spherical mobile robot was planned
based on Gauss-Newton method, and finally, the simulation
results and experimental results were presented.

1I. BRIEF INTRODUCTION OF SPHERICAL MOBILE ROBOT
BHQ-2
BHQ-2 is a spherical mobile robot designed for

environment exploration by our lab, which structure is shown
in Fig. 1. The inner driving mechanism of the spherical robot is
mainly composed of one hollow axle, one small two-wheel car,
two cameras and a heavy made up of battery group. The hollow
axle is connected with the spherical shell by two ball hearings
on both sides, the small car is fixed to the hollow axle with its
two wheels contacting with the shell in terms of rolling friction
and the heavy is installed on a rotating shaft in the hollow axle.
Two mini CCD cameras are installed inside the hollow axle
and can extend to the outside of the shell when needed and
draw back to the inside of the shell when not. The environment
images taken by these cameras can be transmitted to a control
center through a wireless image transmission system.
According to the image an operator can not only observe the
environment but also tele-operate the motion of the spherical
robot by a joystick.
hollow
axle

/ motor2

motor]l ——» -
(inside the box) - \
_—

camera __.E\r

small car___.

heavy
camera

Figure 1. Structure of spherical robot BHQ-2

The main moving principle of BHQ-2 is that when motor 2
keeps still, the small car driven by motorl will climb up the
inner inside of the spherical shell so as to lift the heavy to a
higher position and a driving moment caused by the
displacement of the gravity center of the robot will drive the
robot to move straight. When the driving moment and the
rolling friction moment reach balance, the robot will move
forward in a constant speed and the angle displacement
between the inner mechanism and the ground will be
maintained, thus the two cameras could keep a steady state and
get ready for observing the environment. If motor 2 also rotate
to drive the heavy to turn a certain angle, a lateral eccentric
torque will be obtained and drives the robot to turn a tilted
angle, thus drives the robot to turn aside.

I1I.

Assuming spherical robot BHQ-2 rolls without slipping on
a plane, its constraint conditions can be written as

KINEMATIC MODEL AND CONTROLLABILITY OF BHQ-2
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% —r(¢cos Bsiny + Beosy) =0

3 —r(gcos fcosy — Bsiny) =0 ()
@ =y +@sind
Where, ( X,) ) are the coordinates of the geometric

center of the robot; i/, 3, ¢ are the pose of the robot expressed
by ZXZ Euler angle; r is the radius of the robot; @, is the

robot’s rotational speed in vertical direction; I/ is the robot’s
rotation speed driven by the total external force. Because there
is no external force on the robot, I/ is zero, that is to say

@, = ¢sin @ . Then Eq. (1) can be changed to

pP=8(po+8,(p)p @

Where,
p=xy.v.,0.B)"

g =[rcosBsiny —rcos feosy —sinf 1 O]T
g2=[rcosy/ rsiny 0 0 1]T

For a given input u(#) € R” , if and only if p(¢) satisfy the
above-mentioned equation Eq.(2) , p(f) is the feasible

trajectory. If the system can achieve motion between any two
points, then the constraint is completely nonholonomic and the
system configuration is unrestricted. On the contrary, if the
constraint is holonomic, then the motion of the system is
constrained in an appropriate surface, and the control system
can only move between two points in a given manifold (4],
That is to say, there’s a certain relationship between the
controllability and the property of constraint. Firstly, we give
the proof of nonholonomic property of the spherical mobile
robot.
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=[0 0 ¢B 0 0] ¢A )

Here, g,, g, are vector functions of p . So from Eq. (2) we
can see that A, which is the differential of p , is a space
spanned by g1, g2, that is A = span{g,(p),g,(p)} . Now we

consider the involution of vector functions gl,g2 using Lie
Algebra

Because [g,,g,] & A, the differential A is not involutive.

From Frobenius theorem"”) we know that it is not integrable,
so the system is a nonholonomic system.

For this nonholonomic system, let A = L(g,,g,) be the

control Lie algebra. According to the definition of Lie Bracket,
we can get

g =lglgg 1.2, =1g,[g,811. g =1g,[g,&]1]

and the third order Lie algebra of distribution A is
L(A) = spani{g,,g,,g,,2,} - Calculation shows that the rank
of L(A) is 5. From CHOW’s theorem!'”, we know that the
system is completely nonholonomic and is controllable.

From the analysis above-mentioned, we know that, the
system is controllable since the Lie algebra of BHQ-2 is full
rank. And we can solve the motion control problem
theoretically.

IV. NEAR-OPTIMAL TRAJECTORY PLANNING

Near-optimal trajectory planning is to search a proper set of
control inputs to drive the robot to the destination from a
certain initial state. Spherical mobile robot includes all its
energy sources inside its shell and its energy sources are
limited to the size and structure of the robot, so in order to
make a spherical robot to do much more tasks with the limited
energy sources, time and energy based near-optimal trajectory
planning is very significant. Based on the discussion above, we
change Eq. (2) into the form as

p=B(p)-u “4)

Where,

P=[x y v ﬂ]T’ B=[g ] “:[¢ 'BT

We take the energy of the spherical mobile robot as the
optimization object, and then we construct the cost function of
the system as

J= J-OT <u,u>dt %)

Now, we can find that the near-optimal trajectory planning
problem of the spherical mobile robot is equivalent to the
optimized problem with one fixed point. As we have analyzed
before, the spherical mobile robot system is controllable, then
there must be a solution vector u~ € L,([0,T]), which will

meet the minimum cost function of spherical mobile robot.
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Here, L,([0,7]) represents the measurable vector-valued
function in Hilbert space. Taking Fourier basis as the

orthonormal basis of L,([0,7]), denoted as {e,} ,, then the
input #(?) can be expressed as
u=) a.e, (6)

Where, @ =(a,,a,,"-a,)" is the projection of the

input #(¢) onto the orthonormal basis. Then the cost function
can be written as

’ s
J = jo <u,u>dt = ;aiz

Thus, the near-optimal trajectory planning problem
becomes a problem of finding the solution in terms of

(M

o= (al,a2,~--aN,--~)T to meet the minimum of the cost

function, and this is a nonlinear optimization problem in an
infinite-dimensional space. Considering the orthogonal
character of the Fourier basis, we take & as the new control
variable, and bring in ) as the penalty factor, the cost function

becomes
J=Ya +y|p(-p,| ®)
i=1
Where, >0 , and p(T)eR® is the solution of
P=B(p)-u at the time of =7 when given the certain

control input #(¢) . Obviously, p(7') is the function of & .

Assuming that p(T) = f (&), as long as ¥ and N are given
by the certain value, the cost function becames

J :<a,a>+}/Hf((x)—pr2

Where, & is infinite-dimension and seems impossible to
obtain the solution. But by applying the Ritz approximation
method we can just choose its limited dimension and then
obtain an approximate solution of the problem. For example, if
we choose the former N items, that is to subject

)

N
_ _ T
u= E a.e , Where a =(a,,a,, - Qy,)
i=1

After transforming the equation above according to Taylor
series expansion by using the popular Newton's algorithm, we
choose the second-order approximation and amend it to be the
Gauss - Newton iterative formula

o =a, - ulot + A" A] [oa, + 47 (f(@) - p,)] (10)
Where, A is the Jacobian matrix of f(@), A=0f /0 ,

o =1/y,1 is the unit matrix, 4 is a step parameter and is



constrained as 0 < g <1.We define by ¢ the 4 x N matrix,
whose column elements to be the Fourier basis elements

{e.(0}2,1€[0,T]

$=le0).e, () ey ()] (an
Then, the original system can be expressed as
p=B(p)u=B(p)¢-«a (12)

Let Y(¢) =0p(t)/ O , and obviously, A is the value of
Y(¢) when ¢t =T . The differential equation for ¥ (¢) will be

op
Y - =—2p
(1) ( ) aa(at)
s
oa
< GB’ 0B’ g )
+Bp= Z[ z j +Bf
i=1 a
:i(ain [+B¢:[ aiqujLBq/ﬁ
o\ Op i=l
By combining Eq. (13) with Eq. (2), we have
p=B(p)-pa,
. " OB’ (14)
Y= —u, Y+ B¢
(zl p j

Now, if we set f(a,)=p(T'), A=Y(T)and integrate
the set of differential equations above fromt =0tot=T at
each time step to update & , then we will obtain () ,which is

the input of the spherical mobile robot, thus, we finally get the
near-optimal trajectory of the robot.

V. SIMULATION AND EXPERIMENT OF MOTION PLANNING

A.  Simulation

Assuming spherical robot BHQ-2 rolls without slipping on
a plane, and suppose its initial position and pose to

be P =[x,, V,-W,. 51" =1[0,0,0,0]"

and pose to be pgz[xg Ve W, ﬂg]T =[1 10 O]T. In
order to simplify the calculation, we set the motion time of the
spherical robot to be 7' =6.28s, and choose the former six

, and its final position

Fourier basis as the orthonormal basis of L, ([0,7]), namely

0.5 sint cost
el = 0 ’ 62 = 0 ’ e3 = 0 )
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0 0 0
e = ’ e = ’ e =
* 105 > |sint * | cost

Set ¥ =100, then we simulate the iterative computing

with software Matlab, and after 28 times of iterative computing,
we have

a =[5.0611,-0.0520,0.6290,
—0.0054,0.0108,0.2679]"

Therefore the input of the spherical robot is

y

B { 5.0611x0.5-0.0520 xsint—0.6290 x cos ¢ }

u

—-0.0054x0.5+0.0108 xsint+0.5679 x cos ¢

We plot the simulating optimal motion trajectory and the
input curve in Fig.2 and Fig.3.
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Figure 2. Simulated optimal trajectory
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Figure 3. The input curve

The curves of pitch angle and the roll angle of the robot are
show in Fig.4 and Fig.5.
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Figure 4. The pitch angle curve of the robot
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Figure 5. The roll angle curve of the robot

From the simulation we can find that the method discussed
above can realize the optimal trajectory planning for the
spherical mobile robot, since we have ignored the higher order
polynomials during the Taylor series expansion, the planning
results have some small errors.

B.  Experiment

We process the iterative computing of the trajectory
planning algorithm discussed above by a PC to obtain the input

u(t), and then sending it to BHQ-2 by the wireless link in real

time manner, and then the DSP controller inside BHQ-2 to
realize the planning by control the two motors with PID
method. A vision system to observe the trajectory of BHQ-2
was also developed, and which is made up of a JVC TK-C1381
color camera, a Daheng CG-300 frame grabber, a tripod to
carry the camera, and an IBM laptop, the experiment

environment is a corridor of a building, where the ground is flat.

The setup of the experimental system is shown in Fig.6.
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Figure 6. The experiment system

In order to get the trajectory of BHQ-2 from the frames
gathered during its moving, images are processed as following:
firstly, filter the noises by a mean filter, then apply the frame
difference method to obtain the exact area of BHQ-2 in each
image, after that the Canny edge operator and mathematical
morphology operations are used to produce the binary images
that express the exact edge of BHQ-2 to be a set of circles, and
in the final step, we apply the Hough transformation to detect
the centroid coordinate of the spherical robot in the image. The
basic idea of Hough transformation is to transform the image
space into the parameter space, and then curves in image are
parametrized in a certain form that most edge points fit, by
accumulating and filtrating, we can obtain the preferred
information in images. By calculating series of images of the
motion of spherical mobile robot BHQ-2, we can get its motion
trajectory. In one experiment, one image after filtering is shown
in Fig.7 and the detected trajectory of BHQ-2 moving with the
trajectory planning method is shown in Fig.8§.

Figure 7. Filtered image of BHQ-2
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Figure 8. The experimental trajectory of BHQ-2

The results show that with the motion planning method we
have discussed, BHQ-2 not only can move from the initial
point to the desired point with the set pose, but also follow a
path almost the same as the trajectory we obtained from
simulation (comparing Fig.2.) with the same parameters. In
Fig.8, there are some small errors and shock in the trajectory,
which are mainly caused due to the internal mechanical
structure error of BHQ-2 and the open-loop motor control
method. Several experimental results show that the real motion
trajectories generally meet the simulation ones and the average
errors is about 8%. So the discussed trajectory planning method
for spherical mobile robot BHQ-2 is effective and feasible.

VL

The paper briefly introduces a spherical mobile robot BHQ-
2 designed for environment exploration and mainly discusses
its control modeling and near-optimal nonholonomic motion
planning. By analyzing the kinematic equations of the BHQ-2
system, we knew that this is a nonholonomic constrain system.
Then the controllability of this system was proved by using the
Lie algebra. Based on the kinematic equation of BHQ-2, the
trajectory planning of BHQ-2 was researched with the Gauss-
Newton algorithm. Simulation and experimental results show
that effectively resolve the nonholonomic motion planning
problem of spherical mobile robot BHQ-2. The method can
realize the motion planning and the optimization of the control
rules as well as fast convergence speed. However, due to
ignoring the high order items in Taylor expansion, the motion
planning results have some errors. In real application, the
motion accuracy can be improved by selecting suitable Fourier
orthogonal basis vectors and parameter ) . From experiments

CONCLUSION

we also find that the motion trajectory of the robot can be
greatly affected by external interference under open-loop
control. It was mainly because that the actual trajectory could
not be detected and no active stabilization strategy was
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imposed on the robot. So closed-loop control methods
including dynamics need to be researched in the future in order
to get high precision motion.

Acknowledgment

This work is supported in part by National Natural Science
Foundation of China under the grant No. 50705003 and
National High Technology Research and Development
Program of China under the grant No. 2007AA04Z2252.

REFERENCES

[1] A.Halme, T. Schonberg, Y. Wang. Motion control of a spherical mobile
robot[C]. 4th IEEE International Workshop on Advanced Motion

Control AMC’96, Mie University, Japan, 1996: 100-106.

Antonino Bicchi, A. Balluch, etc. Introducing the “SPHERICLE”: an
experimental testbed for researchand teaching in nonholonomy[C].
Proceedings of the 1997 IEEE Int. Conf. on Robotics and Automation,
Albuquerque, New Mexico, April 1995:2620-2625.

Shourov Bhattacharya,Sunil K. Agrawal. Design, Experiments and
Motion Planning of a Spherical Rolling Robot[C]. Proceedings of the
2000 IEEE International Conference on Robotics & AutomationSan
Francisco, CA, April 2000: 1207-1212.

R. Mukherjee, M.A. Minor, and J.T. Pukrushpan,Simple motion
planning strategies for Spherobot: a spherical mobile robot[C]. Proc.
IEEE Int. Conference on Decision and Control, 1999: 2132-2137.

A. Homayoun Javadi A., P. Mojabi. Introducing august: a novel strategy
for an omnidirectional spherical Rolling Robot[C]. Proc. IEEE Int.
Conference on Robotics and Automation, 2002: 3527-3533.

Zhan Qiang, Kinematics structure of a new type of moving mechanism
of lunar vehicles[C]. in The Second Symposium, Moon Exploring
Technology, Beijing, 2001: 328-330. (in Chinese)

Zhan Qiang, Jia Chuan, Ma Xiaohui, Chen Ming, Analysis of moving
capability of a spherical mobile robot[J]. Journal of Beijing University of
Aeronautics and Astronautics, vol. 31, no. 7, 2005: 744 -747. (in
Chinese)

Zhan Qiang, Zhou Tingzhi, Chen Ming, etc. Dynamic trajectory
planning of a spherical mobile robot[C]. IEEE International Conferences
on Robotics, Automation & Mechatronics (RAM 2006), Bangkok,
Thailand, June 2006:714-719.

Brockett R W,Dai L. Nonholonomic kinematics and the role of elliptic
functions in constructive controllability[A]. In:Li Z,Canny J F , Eds .
Nonholonomic Motion Planning [C]. Boston : Kluwer ,1993 ,1222.

Murray R M,Sastry S S. Nonholonomic Motion Planning : steering using
sinusoids [J]. IEEE Transactions on Automatic Control ,1993, 38
(5) :7002716.

Reyhanoglu M,Schaft A ,McClamroch N , et al . Dynamics and control
of a class of underactuated mechanical systems [J] . IEEE Transactions
on Automatics Control ,1999 ,44 (9) :166321671.

Leonard N E , Krishnaprasad P S. Motion control of drift2free ,
left2invariant systems on lie groups[J]. IEEE Transactions on
Automatics Control ,1995 ,40 (9) :153921554.

Richard M. Murray, Zexiang Li, S.Shankar Sastry. A Mathematical
Introduction to Robotic Manipulation Machinery[M]. Xu Weiliang Qian
Ruiming translated. Industry Press, 1998: 209-229. (in Chinese)

(2]

[3]

(4]

(3]

(6]

(7]

(8]

]

[10]

(1]

[12]

[13]




<<
  /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
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


