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SPACECRAFT ATTITUDE MOTION PLANNING ON SO(3) USING
GRADIENT-BASED OPTIMIZATION

Fabio Celani* and Dennis Lucarellif

The purpose of the present work is to perform spacecraft attitude motion plan-
ning so that a rest-to-rest rotation is achieved while satisfying pointing con-
straints. Attitude is represented on the group of three dimensional rotations
SO(3). The motion planning is executed in two steps. In the first step, path-
planning is performed by searching for a time behavior for the angular rates
through the formulation of an optimal control problem solved with a gradient-
based algorithm. In the second step, the actual input torque is simply determined
by the use of inverse attitude dynamics. A numerical example is included to
show the effectiveness of the method. From a practical point of view, the control
torque resulting from the proposed approach is continuously differentiable and
vanishes at its endpoints.

INTRODUCTION

Attitude motion planning is necessary in mission scenarios in which the spacecraft must perform
large angle maneuvers with the additional requirement that sensitive instruments must not point to
bright objects such as Sun, Moon, and Earth. These so-called “keep-out cones” define constraints
that must be satisfied along the instrument trajectory. This research presents a control synthesis
method for constructing an appropriate control torque that achieves the desired rest-to-rest maneuver
and ensures that the keep-out cones are avoided.

In this work, the spacecraft attitude is globally represented on the special orthogonal group SO(3).
Performing motion planning on SO(3) carries benefits over representations such as Euler angles (e.g.
References 1 and 2) and quaternions (e.g. References 3—6). In fact, Euler angles are defined only
locally and exhibit kinematic singularities which can limit the width of the maneuvers. On the other
hand, quaternions do not posses singularities and are often used in spacecraft attitude motion plan-
ning. However, they have ambiguities in representing attitude since the three-dimensional sphere
double covers SO(3). Thus, since boundary conditions for the spacecraft attitude do not have a
unique representation in quaternions, a quaternion-based motion planning may exhibit the unwind-
ing behavior.” Moreover, the proposed method presents the following advantages compared to other
approaches for spacecraft motion planning on SO(3). It is simpler to implement than the algorithm
in Reference 8 since it does not require either randomization or discretization tools. It is easier to
use with respect to the approach in Reference 9 since it does not ask for geometric visual inspec-
tion to perform path-planning. In addition, the proposed algorithm naturally handles limits on the
control torque amplitude unlike Reference 10. From a practical point of view, the control torque
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resulting from the proposed approach is continuously differentiable and vanishes at its endpoints.
Thus, it is easier to implement on real spacecraft than time-optimal control torques that often do not
vanish at endpoints and are sometimes discontinuous during the maneuver.>°

The proposed method consists of two steps. In the first, path-planning is performed to determine
an appropriate time behavior for the angular rate so that the spacecraft is reoriented to the desired
attitude while avoiding exclusion cones. Since in the path-planning problem the state space is the
Lie group SO(3), its solution can be obtained by adapting a recent method for control synthesis
on Lie groups originally used for quantum mechanical systems and known as “Gradient Ascent
in Function Space” (GRAFS).!! In the second step, known as motion planning, the actual control
torque is simply determined by the use of inverse attitude dynamics. As in Reference 9, a time
scaling is introduced to reduce the torque amplitude to within the allowed limits.

The rest of the paper is organized as follows. In the next section, the attitude motion plan-
ning problem is formulated. The following section describes how the path-planning problem can
be solved through a gradient-based optimization approach. Next, the motion planning method is
presented. The proposed method is then validated through a case study inspired by a real-world
problem. Conclusions are drawn in the last section.

PROBLEM STATEMENT

In the spacecraft attitude motion planning problem on SO(3), the initial attitude R; € SO(3) and
the desired final attitude Ry € SO(3) are given, and both the initial angular velocity and the desired
final angular velocity must be zero (rest-to-rest maneuver). The attitude R(t) € SO(3) is subject to
the kinematic constraint )

R(t) = R(t) Q1) (1)

where
Qt) = wi(t) A1 + wa(t) A2 + w3 (t) Az 2)

in which wi, we, and ws are the components of the spacecraft angular velocity along body axes.
Matrices A1, Ao, and A3 form a basis for the Lie algebra corresponding to SO(3) and are given by

0 0 O 0 01 0 -1 0
Air=10 0 -1 As = 0 0O As=|1 0 0
01 O -1 0 0 0 0 O

The relation between w = [w; wz w3]” and the control torque resolved in body frame 7" is given by
the well-known Euler equation
Jo+wxJw=T 3)

in which .J is the spacecraft inertia matrix. Denote with 7' the maximum amplitude of T, 7=1,2,3
due to actuator constraints.

The spacecraft is equipped with an on-board sensor whose pointing direction in body coordinates
is given by unit vector r. There are C' undesired pointing directions for the sensor which are spec-
ified in inertial coordinates by unit vectors w; ¢ = 1,...,C. For example, r can be the pointing
direction of an on-board optical sensor, and w; is the inertial direction of a bright celestial object. It
is required that the boresight of the sensor avoids inertial direction w; with a minimum offset angle
0 < 0; < 90°. Thus, the following constraints are introduced

TTR(t)TwZ‘ <cosb; i=1,...,C )

1398



Given the initial conditions R(0) = R; w(0) = 0, the objective is to determine a torque input 7'(¢)
defined over a finite interval [0 ¢¢] that fulfills the amplitude constraint

IT;()| <T j=1,2,3 0<t<ty 5)

and is such that the corresponding attitude R(¢) and attitude rate w(t) satisfy the final conditions
R(tf) = Ry w(ty) =0, and the pointing constraints (4) for all 0 < t < ¢;.

PATH-PLANNING USING GRADIENT-BASED OPTIMIZATION

Path-planning consists in finding an appropriate time behavior for the attitude rate so that the
spacecraft is reoriented to the desired attitude while avoiding exclusion cones. Thus, in this first
phase, only attitude kinematics in Eq. (1) are considered, and the angular rate w = w1 wo (,U3]T is
seen as control input. In this phase, a normalized time 0 < 7 < 1 is adopted. This is equivalent to
setting the final time ¢y = 1 in which case t = 7.

In this paper, the path-planning is performed first by expressing the angular rate as follows
(1) =Y ajpvp(r) §=1,2,3 (6)

for a set of M basis functions vi(7) k = 1,..., M. The basis functions must fulfill the following
end-point conditions v (0) = vx(1) =0 k=1,..., M so that w(0) = w(1) = 0 as required.

The path-planning problem is formulated as an optimization problem in which the decision vari-
ables are the weights o in the expansion in Eq. (6). The objective function to be minimized is

chosen as
3 M
> o ™

j=1k=1

l\.')\»—l

so to reduce, to a certain extent, the amplitude of the angular rate w(7). This in turn will reduce the
spacecraft maneuvering time as it will be explained in the following section on motion planning.
Moreover, if the basis functions vi(7) k = 1,..., M are orthonormal

! 1 if m=n
/0 U (T) o (T)dT = {0 it m £ n

then, minimizing the objective function is equivalent to minimizing the “energy” of the signal w(7)
given by
1
| ltmipar

Achieving the desired final attitude is enforced through the following equality constraint
tr [R}R(1)] =3 ®)

where tr denotes the trace of a matrix. In addition, exclusion cones are avoided by adding the
inequality constraints (4).
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Thus, the optimization problem becomes

o 1Z 2
mimimize — o
Qi 2]':1 P ik
d
subject to LTR(T):R(T)Q(T) ©
T

T
tr [RyR(1)] =3
TTR(T)TUJi < cosb;
with0 <7 <1 ¢=1,...,C. The optimization problem is solved numerically by adopting the
following approach. Discretize the interval [0 1] into N equal segments defining A7 = 1/N and

7= —1)A7 £=1,...,N + 1. Inequality constraints are enforced only at the discrete times
¢ £=1,..., N + 1 obtaining

TTR(TZ)TU}Z'SCOSQZ' {=1,...,.N+1 i=1,...,C (10)

Moreover, R(7;) is computed through the following approximation. Consider the infinitesimal ro-
tations

P(1y) = exp |w1(10) ATAL + wa (1) AT Ay + w3 () ATA3] £=1,...,N

The solution to Eq. (1) is approximated by the following product
1
R(re) = RiP(r)-+ P(r-1) = R; | [[ P(ry) | ¢=2....,N+1 (11)
q=1

In addition, note that R(71) = R(0) = R;. This approximate solution enforces the time ordering
of the general solution to Eq. (1) but retains only the first order term in the Magnus expansion of
the matrix exponential, and represents the exact solution of (1) when w(7) is approximated through
a zero-order-hold operation. The approximation in Eq. (11) is employed also to compute R(1)
appearing in the equality constraint.

To solve the optimization problem thus formulated using steepest descent methods, analytical
expressions for the gradients of the constraints in Eqs. (8) and (10) with respect to weights o,
must be provided. First note that weights o, affect the constraints only through R(7;). Define

b [ TP ifi<
v Iy ifi>

then the following holds

OR(ri) _ p OLP(r1)- - Pre)]
8ajk oo aa]k
= OP(r,) ,
=R; Prga—5 Py | =123 k=1 .M (=2 ,N+1 (12)
q=1 ik
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Since a variation in a weight o, affects the variable w;(7) at all times, and in particular affects
w;(74), then the following holds true

OP(1g) _ OP(1q) Ow;(1q) = wi(7y) OP(1,)
Oaji, O0w;(1q) Oajy; kil Owj(1q)

¢g=1,....N j=1,23k=1,....,.M (13)

The last partial derivative in the previous equation can be computed as follows. Let \; i = 1,2,3
be the eigenvalues of (7,) (see Eq. (2)) and u; € R? i = 1,2, 3 be the corresponding eigenvectors
having unit norm. Since () is skew-symmetric of dimension three, then it has a zero eigenvalue
and the other two are imaginary conjugate. Moreover, the 3 x 3 complex matrix

U £ [ul U9 U3]

is a unitary matrix since it satisfies UTU = UUT = I3,3 where UT denotes the conjugate transpose
of U and I343 is the three-dimensional identity matrix.. The following result can then be stated.

Proposition 1. It holds that
9P ()
Ow ' (’7’ q)

=UEU" (14)
where E is a 3 X 3 complex matrix defined by

A | AT u;rn Ajum eATAm for A\j, = A\,
Emn= eATAn _ATAm (15)

uin Ajuy P for Ay # An

Proof. See Appendix 0

As aresult, analytical expressions for the gradients of constraints (8) and (10) based on approxi-
mation (11) can be obtained by using Egs. (12)-(15).

MOTION PLANNING

The output of the path-planning phase is the time behavior w*(r) 0 < 7 < 1 which fulfills
w*(0) = w*(1) = 0, and possesses the following property: let R*(7) be the corresponding time
behavior for the attitude subject to the initial condition R*(0) = R;. Clearly R*(7) fulfills the
pointing constraints in Eq. (4), as well as the final condition R*(1) = Ry if the number of time
segments [V is large enough so that approximation in Eq.(11) is sufficiently accurate. The required
torque can be obtained from the attitude dynamics (3) as

dw*

T(7) = J—

(1) +w(r) x Jw¥(r) 0<7<1 (16)

The control torque 7™ (7) may not fulfill the amplitude constraints |77 ()| < TO<7<1j=
1,2, 3. In that case, the time scaling ¢ = ¢;7 is performed in which ¢y > 1 is chosen to reduce
speed at which the path in SO(3) is traced out, and consequently to have the torque amplitude
within the prescribed limits. Specifically, consider R(t) = R*(t/tf) 0 < t < ty. Clearly, R(t)
fulfills the pointing constraints in Eq. (4) as well as the initial and final conditions R(0) = R;,
R(ty) = Ry . Then, it is immediate to see that the angular velocity in the scaled time ¢ is given by
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w(t) = 1/tp w*(t/ty) 0 <t <ty which satisfies w(0) = w(ts) = 0. Morover, it is easy to obtain
that the input torque is equal to

1
T(t) = 5T* <t> 0<t<ts a7
2 ts

Thus, ¢ty must be selected larger than 1 so that torque 7'(¢) satisfies the amplitude constraint in
Eq. (5). On the other hand, if the amplitude of T*(7) is below its limits, then ¢ can be reduced to
a value less than 1.

From Egs. (16) and (17) it appears that intuitively the smaller the amplitude of w*, the smaller ¢
that ensures the satisfaction of the amplitude constraint on 7°(¢). Since adopting the cost function in
Eq. (7) is equivalent to a certain extent, to minimizing the amplitude of w*, such cost function leads
to an approximate minimization of the maneuvering time ¢ .

CASE STUDY

We demonstrate the proposed approach through a case study formulated in References 6 and 12,
and inspired by a maneuver performed by the Swift spacecraft. Consider a spacecraft that has to
perform a rest-to rest maneuver consisting of a rotation of 3/4m rad about its z-axis. Thus, setting
the initial attitude as ; = I3x3, the desired final attitude is equal to

cos(3/4m) —sin(3/4w) 0
Ry = | sin(3/4m) cos(3/4m) 0
0 0 1

The spacecraft is equipped with a sensor whose axis has coordinates = [1 0 0]7 in body frame.
The following three keep-out cones must be avoided by the sensor during the manouver:

e Sun cone with inertial direction w; = [0.5 0.866 07 and minimum offset angle §; = 47 deg;
e Earth cone with inertial direction wy = [0 0 — 1] and minimum offset angle 6, = 33 deg;

e Moon cone with inertial direction w3 = [0.1795 0.3109 0.9333]” and minimum offset angle
03 = 23 deg.

There is a gap of 10 deg between the Sun and Earth cones but no gap between the Sun and Moon
cones (see Fig. 1) .

The optimization problem in Eq. (9) is solved by using the numerical approach previously dis-
cussed. Consequently, it is enough to select samples vi(77) k= 1,...,M ¢ =1,..., N rather
than the whole continuous-time basis functions vi(7) k¥ = 1,..., M since only the samples appear
in the equality and inequality constraints. In this example vy (7¢) are chosen as the so-called Slepian
sequences.'® These sequences, commonly used in spectrum estimation and signal processing, are
parameterized by their length N and the half-bandwidth parameter W € [0 0.5]. In this case study,
the first M = 4 Slepian sequences with N = 500 and W = 0.015 have been considered. The cor-
responding time behaviors are reported in Fig. 2 and show that vy (0) ~ 0, dvy,/d7(0) ~ 0, v(1) ~
0, dvy/dr(1) ~ 0. As a result, by Eq. (6), the following holds

dw dw

w(0)~0 E(O) ~0 w(l)~0 E(l) ~0 (18)
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Figure 1. Sun cone (red), Earth cone (green), Moon cone (yellow).

ensuring that a rest-to-rest maneuver is obtained. To determine for the values of the weights aj;, j =
1,...,3 k=1,...,4, the nonlinear programming problem in Eq. (9) is solved numerically using
a local, gradient-based interior point method'# implemented in Scientific Python.!> Note that the
cost function in Eq. (7) naturally leads to setting cj;, = 0 as the initial guess for the interior point
algorithm. The outcome of the path-planning step is given by the time samples of the angular-rate
in normalized time w*(7¢) ¢ = 1,...,500 which are represented in Figure 3. Samples of the torque
expressed in normalized time 7% (7;) £ = 1,...,500 can be obtained by using Eq. (16) by adopting
the following finite difference approximation

d* 0 for /=1
dr (10) = § w*(7e) — w*(7e-1)
Ty — Te—1

for £=2,...,500

As in Reference 6, consider an isoinertial spacecraft so that J = JyIsx3. The corresponding time
behavior of T%(7y)/Jo ¢ =1, ...,500 is represented in Fig. 4.

By Eq. (17), samples of the physical control torque are obtained as follows

1
T(tg)zt T (1) £=1,...,N

2

f

where ¢ is the physical final time and t, = t;7, £ = 1,...,500. Time ¢ is chosen so that
ITj(te)| <T j=1,2,3 £=1,...,500 (19)

Let .
T/ Jo = H;E}X|77(Te)/<fo\
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Figure 2. Samples of basis functions vy (74) k=1,...,4 £=1,...,500.

It turns out that 7% /.Jy = 40.53. Introduce time unit TU = +/.Jo/T, then it is easy to see that the

value ¢ty = TU4 /T*/Jy = 6.37 TU guarantees that Eq. (19) is fulfilled as confirmed by Fig. 5.
The continuous time control torque T'(t) 0 < t < ¢y is then simply obtained from the samples
T(ty) through a zero-order hold operation. Fig. 5 shows that, from a practical point of view, T'(t)
can be considered continuously differentiable and vanishing at its endpoints. Both properties are
consequences of our choice for the samples vy (1) (see Figure 2). In particular, T'(¢) vanishes at
its endpoints as a consequence of the properties in Eq. (18). Since T'(¢) is continuously differen-
tiable and vanishes at its end-points, its implementation on real spacecraft is easier compared to
time-optimal control torques that often do not vanish at endpoints and are sometimes discontinuous
during the maneuver.>>-¢

To validate the effectiveness of the obtained input torque, Eqs. (1)-(3) with the appropriate initial
conditions R(0) = I3x3 w(0) = 0 are integrated numerically and the following results are obtained.
The obtained final attitude R(ty) satisfies the following

3 —tr [RfR(tf)] =1.51107"°

and [|w(tf)|| = 9.22 10~7 which implies that the spacecraft reaches the desired final attitude R
with zero angular velocity. The time behaviors of

ci(t) = TTR(t)Twi —cosb; 1=1,2,3

are shown in Fig. 6 confirming that the three pointing constraints are fulfilled. The path of the
sensitive direction, the three exclusion cones, the initial and the desired final sensitive directions
are all displayed in Fig. 7. By inspection the proposed method leads to a solution that apparently
minimizes the length of the path.
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Figure 3. Samples w*(7,) ¢ =1,...,500.

A time-optimal approach to the same attitude motion planning problem is presented in Reference
6 and achieves a maneuvering time of about 3.5 TU. The method proposed here does not explicitly
minimize time and performs the maneuver in 6.37 TU which is substantially longer. However, our
approach leads to a control torque that vanishes at its endpoints (see Fig. 5) making it is easier to
implement on real spacecraft compared to the control torque in Figure 26 of Reference 6.

CONCLUSION

The spacecraft attitude motion planning approach presented in this work provides a systematic
method for performing rest-to-rest maneuvers taking into account multiple pointing constraints. It
possesses the important feature of representing attitude on the special orthogonal group SO(3) thus
avoiding singularities and ambiguities associated with other attitude representations. Compared to
other methods that are based on the same attitude representation, the proposed method is simpler
and more systematic. Moreover, it can provide a control torque that vanishes at its endpoints. The
latter is simpler to implement than control torques determined through a time-optimal approach.

APPENDIX
Proof of Proposition 1

Clearly, Eq. (14) is equivalent to

TaP(Tq)

E=U
Ow;(1q)
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Figure 4. Samples T*(74)/Jo £ = 1,...,500
which is equivalent to
oP
B —ul 2200 103 (20)
Ow;(7q)
Note that
OP(1,) 0 >
i = exp wy(19)ATA,
Ow;(1q)  Owj(1g) ,;1 !
9 3
= 9y &P (wj(q) + )ATA; + Z wy (1) ATA,
v=1
v#J 0
0
= § = exp [Q(7y) AT + £ ATA;]
Ox =0
Thus
OP(7,) 0
ujnmun =l {83: exp [Q(74) AT + .Z‘ATAj]} - Up 2))

Clearly, the eigenvalues of matrix Q(7,)Ar are given by A7 ¢ = 1,2,3, and it is immediate
to verify that the corresponding eigenvectors with unit norm are given by u; ¢ = 1,2,3. Using
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Theorem 1, obtain the following

ul {38 exp [Q(1g) AT + acATAj}}
x

AT uIn Ajum eATAm for Ay, = A\,
Unp = ATAn _  ATA
0 uin Aju, 2T _eATAm

(22)
p for Ay, # A
Thus, taking into account of Eq. (15), the equality in Eq. (20) is a direct consequence of Egs. (21)
and (22).

A Spectral Theorem

Theorem 1. Let A and B be | x | skew-Hermitian complex matrices (i.e. At = —A, Bt = —B).
Denote the eigenvalues of Aby \ji = 1,...,1, and letu; € Rl i = 1,...,1 be the corresponding
eigenvectors having unit norm. Let x € R, then for any m,n = 1, ... [ the following holds

0
T ==
U | 5, OXP (A+ xB)]

u:rn Bu,, e’ for A\j, = A\,
Upn = An oA
0 uInBun eAn _eAm

R W w— for )\m 7é )\’VL
Proof. See Appendix A of Reference 16.

REFERENCES

[1] H. Hablani, “Attitude commands avoiding bright objects and maintaining communication with ground
station,” Journal of Guidance, Control, and Dynamics, Vol. 22, No. 6, 1999, pp. 759-767.

[2] C. Mclnnes, “Large angle slew maneuvers with autonomous sun vector avoidance,” Journal of Guid-
ance, Control, and Dynamics, Vol. 17, No. 4, 1994, pp. 875-877, 10.2514/3.21283.

1407



(3]

(4]

(5]

(6]
(7]
(8]

191
[10]
[11]
[12]
[13]
[14]

[15]

Vs ,
(// \_“
7 / N
azF - Y 4
0.2 \
\\
Ay
\\
0.4 e e
06| J
a8l _— -
aF 4
1.2 F C.I -
_ C2
CS
14 I I L 1 I I
0 1 2 3 4 5 [ 7
YU

Figure 6. Pointing constraints.

G. Boyarko, M. Romano, and O. Yakimenko, “Time-optimal reorientation of a spacecraft using an
inverse dynamics optimization method,” Journal of Guidance, Control, and Dynamics, Vol. 34, No. 4,
2011, pp. 1197-1208.

H. Kjellberg and E. Lightsey, “Discretized constrained attitude pathfinding and control for satellites,”
Journal of Guidance, Control, and Dynamics, Vol. 36, No. 5, 2013, pp. 1301-1309. cited By 18,
10.2514/1.60189.

D. Spiller, L. Ansalone, and F. Curti, “Particle swarm optimization for time-optimal spacecraft reori-
entation with keep-out cones,” Journal of Guidance, Control, and Dynamics, Vol. 39, No. 2, 2016,
pp- 312-325.

R. Melton, “Differential evolution/particle swarm optimizer for constrained slew maneuvers,” Acta As-
tronautica, Vol. 148, 2018, pp. 246-259.

N. A. Chaturvedi, A. K. Sanyal, and N. H. McClamroch, “Rigid-body attitude control,” IEEE Control
Systems Magazine, Vol. 31, June 2011, pp. 30-51.

E. Frazzoli, M. Dahleh, E. Feron, and R. Kornfeld, “A randomized attitude slew planning algorithm
for autonomous spacecraft,” AIAA Guidance, Navigation, and Control Conference and Exhibit, AIAA
Paper 2001-4155, 2001.

J. Biggs and L. Colley, “Geometric attitude motion planning for spacecraft with pointing and actuator
constraints,” Journal of Guidance, Control, and Dynamics, Vol. 39, No. 7, 2016, pp. 1669—-1674.

T. Lee, “Geometric tracking control of the attitude dynamics of a rigid body on SO(3),” Proceedings of
the 2011 American Control Conference, June 2011, pp. 1200-1205.

D. Lucarelli, “Quantum optimal control via gradient ascent in function space and the time-bandwidth
quantum speed limit,” Physical Review A, Vol. 97, No. 6, 2018.

M. Pontani and R. Melton, “Heuristic optimization of satellite reorientation maneuvers,” AIAA/AAS
Astrodynamics Specialist Conference, 2016.

D. Slepian, “Prolate Spheroidal Wave Functions, Fourier Analysis, and Uncertainty—V: The Discrete
Case,” Bell Syst. Tech. J., Vol. 57, 1978, pp. 1371-1430.

R. H. Byrd, M. E. Hribar, and J. Nocedal, “An interior point algorithm for large-scale nonlinear pro-
gramming,” STAM Journal on Optimization, Vol. 9, No. 4, 1999, pp. 877-900.

T. E. Oliphant, “Python for scientific computing,” Computing in Science & Engineering, Vol. 9, No. 3,
2007.

1408



Figure 7. Path of sensitive direction (black curve), exclusion cones, initial sensitive
direction (green arrow), desired final sensitive direction (blue arrow).

[16] S. Machnes, U. Sander, S. Glaser, P. De Fouquieres, A. Gruslys, S. Schirmer, and T. Schulte-
Herbriiggen, “Comparing, optimizing, and benchmarking quantum-control algorithms in a unifying
programming framework,” Physical Review A - Atomic, Molecular, and Optical Physics, Vol. 84, No. 2,
2011.

1409




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /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 true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


