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This paper presents a novel energy-saving method of a robotic system utilizing parallel mechanism by redundant actuation. The
redundantly actuated system can distribute arbitrary actuating torques in a certain combination. By using this feature, the
regenerative power dissipation and electric power loss are reduced. Moreover, the redundant actuation can reduce the peak torque
of actuating joints. This feature reduces the fiiction loss because we can use a smaller gear reducer. A parallel manipulator with two
degrees of freedom is simulated as a case study. The energy consumption of the robotic system is modeled by analyzing the type of
energy consumption in actuation systems. An optimization process is proposed to maximize the energy-saving effect. The results show
that 26.1% of electric energy can be saved by redundant actuation.

NOMENCLATURE

7= Load torque at the actuating joint

7, = Load torque vector of the non-redundant actuation

7. = Load torque vector of the redundant actuation

7= Friction torque in the harmonic drive

1,, = Load torque at the motor

q.. qv = Angle vectors of the independent and dependent joint of
non-redundant actuation, respectively

q,= Angle vector of the actuating joint of redundant actuation

¢ = Rotation velocity of the actuating joint

4,, = Rotation velocity of the motor

['=Jacobian mapping from the joint velocity vector of non-
redundant actuation to that of redundant actuation

U = Transfer matrix from the independent and dependent joint
vectors to the whole joint vectors

V = Selection matrix for the actuating joints from the whole joint

vectors
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1. Introduction

The energy efficiency of a robotic system is considered an
important issue in the academic and industrial fields.'* A great deal of
energy is dissipated as heat loss during the actuation of a robotic
system. The energy inefficiency occurs this energy loss. Therefore, the
reduction of energy loss can improve energy efficiency.

Various studies have been conducted to try to solve this problem.
Recently, Endo et al. developed a gravity compensation mechanism
with a non-circular pulley and a spring.*® Khoukhi et al. studied the
constrained multi-objective trajectory planning of a parallel mechanism
by considering the actuator dynamics to improve energy efficiency.”®
On the side of electric devices, Seok et al. installed a regenerative
system in a Massachusetts Institute of Technology (MIT) cheetah robot
to reuse regenerative power.’

In this paper, we present novel energy-saving method of a robotic
system utilizing parallel mechanism by redundant actuation. The redundant
actuation can distribute arbitrary actuating torques in a certain combination.
Lee et al. show that electric power loss can be reduced by this feature.'®"!
We firstly show that not only electric power loss but also regenerative
power dissipation and friction loss can be reduced by redundant actuation.
A simulation is performed to show the possibility of the energy-saving
method using the optimal torque distribution of redundant actuation.

@ Springer
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The energy-saving concept by redundant actuation is presented in
Section II. The simulation of a parallel manipulator with two degrees of
freedom (DoF) is performed as a case study to verify the energy-saving
effect. The kinematic and dynamic models and the test condition is
presented in Section III. The energy consumption of the actuator is analyzed
and modeled according to type in Section IV. In Section V, the optimization
algorithm for minimizing the energy consumption and deriving the optimal
torques is proposed, and the simulation result of optimization is presented.
Finally, the concluding remarks follow in Section VI.

2. Concept

Redundant actuation means that a robotic system uses more
actuators than DoF. In this case, the 7. is related to the 7, of the same
robotic system in Eq. (1) according to the principle of virtual work

T, T, T,
%.4,=%4,= 5.4, n
r,=1" Trr

From this relationship, the actuating torque 7, has a null space
solution. We can determine the actuating torque in a certain
combination from Eq. (2)."”

o= 1+~ e, @)

where (+)" is the generalized inverse of the pseudo inverse; and &, is an
arbitrary vector for determining the magnitude of the null space vector,
which is called the internal torque.

By using this torque distribution feature, we can assign the optimal
actuating torques to minimize the energy loss of the system. It can be
realized by the reduction of regenerative power dissipation, electric

power loss, and friction loss.

2.1 Regenerative Power Dissipation Reduction

Regenerative power occurs in motors owing to externally supplied
power when the motion and force direction of the actuator are opposed.
This is called negative work. The regenerative power can be converted
to an available power source by the regenerative system.” However,
this technology is very expensive to construct; therefore, the
regenerative power is usually dissipated as heat by the internal dump
resistor. This causes energy loss.

Let us consider two types of a 2-DoF parallel manipulator operating
with a 30-kg payload according to the same pathway. In the case of a
2-DoF non-redundant manipulator, as shown in Fig. 1(a), negative
work occurs. In this pathway, motor2 has to produce the actuating
torque in a clockwise direction to sustain the load; however, it has to
rotate counterclockwise because of the kinematic constraint of the
manipulator. In addition, motorl must produce more positive work than
the mechanical energy required by the manipulator, owing to the
principle of virtual work. As a result, more output power equal to the
absolute value of negative work should be produced to make up for the
unnecessary negative work of the motors.

If the manipulator of Fig. 1(a) is extended to redundant actuation as
shown in Fig. 1(b), the negative work of motor2 can be eliminated by
the optimal distribution of actuating torques. In this case, the actuating

30 kg

1,  power2
T, = negative

motor2

motorl
powerl

= positive

(r)]

(a) Negative work in 2-DoF non-redundant manipulator
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motor2
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(b) Reduction of negative work in 2-DoF redundant manipulator
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Fig. 1 Reduction of negative work by extension to redundant
actuation: regenerative power dissipation reduction

torque of motor3 sustains the payload instead of motor2, and motor2
does not have to do negative work. This leads to the reduction of the
required output power of the overall motors. By keeping this concept
in mind, we can reduce the regenerative power dissipation by negative
work in the same pathway.

2.2 Electric Power Loss Reduction

The input energy for actuating a robotic system is not only used for
output power but is also consumed as electric power loss. In this study,
we consider the copper loss of the motor, which are known as the main
causes of electric power loss. Electric power loss occurs in proportion
to the square of the current and is dissipated as heat.

The required motor current is known to be proportional to the
required torque. Therefore, the torque distribution of redundant
actuation can distribute the current. When we distribute the torques to
minimize the sum of square torques () 7 ), the total electric power
loss can be reduced.

In Fig. 2, two types of 2-DoF manipulators are holding a 30-kg
payload at a constant position. The non-redundant manipulator in Fig.
2(a) produces 322,600 (Nm)® for ZTZ. When we extend this
manipulator to redundant actuation, as shown in Fig. 2(b), and
optimally distribute the actuating torques to minimize 7 , the value
is reduced to 102,900 (Nm)?. As a result, the electric power loss can be
reduced by 68% at the same posture. This is the concept of electric

power loss reduction.
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Fig. 2 Reduction in sum of square torques and peak torque by
extension to redundant actuation: electric power loss and friction loss

reduction

2.3 Friction Loss Reduction

The manipulators use the gear reducer to increase the torque
capacity of the actuating joint. When the actuating joint rotates, the
friction loss occurs in the reducer owing to its friction torque such as
coulomb and viscous friction. As the size of the reducer is increased,
the friction loss is increased owing to the increased friction torque.

In the case of the non-redundant actuation, as shown in Fig. 2(a), the
required actuating torques are high because of the high condition number of
the posture, which indicates the nearby actuator singularity region. These
high torques increase the required specification of the motor and gear reducer
because their torque capacity should be selected based on the peak torque.

The peak torques can be reduced when the manipulator is extended to
redundant actuation, as shown in Fig. 2(b). This can be realized by the
reduction of the condition number because we can distribute the required
torque by the additional motor, which produces a new actuating torque
vector.”® In the case of Fig. 2, the peak torque is reduced by 55% from
510 Nm to 230 Nm by redundant actuation. This can reduce the friction
loss of each actuating joint because the friction torque is reduced by the
smaller gear reducer. Additionally, despite the additional actuator, the
overall friction loss can be reduced.

P(x,y,)

L,

{B}

B, (Xp2:)02)
B, (xo1.701)

(a) Notation of 2-DoF test manipulator

Fig. 3 Schematic and notation of 2-DoF test manipulator

Table 1 Specifications of 2-DoF test manipulator

Part  Length (mm) Weight (kg) Moment of inertia (kg-m?)
I 230 3.7 0.07
I 960 3.7 1.21
b 800 16 2.61
h 1310 21 6.99

3. Case Study: 2-DoF Parallel Manipulator

3.1 Kinematic and Dynamic Models

A parallel-type 2-DoF manipulator is used to simulate the energy-
saving effect by redundant actuation. Fig. 3(a) shows a schematic of
the test manipulator. The upper linkage /5 is connected by two chains:
Iy, and /y», and /5. Two motors are installed at B, and B, for non-
redundant actuation. For redundant actuation, an additional actuator is
installed at B;, which is labeled J; in the non-redundant actuation
case. The weight of the additional actuator, including a motor and
reducer, is assumed as 10 kg. This manipulator is based on the main
link mechanism of a commercial manipulator (IRB1410, ABB,
Zurich, Switzerland). The detailed specifications of the manipulator
are listed in Table 1.

The kinematic model for the proposed test manipulator can be
derived from the constraint equation. The ends of two serial chains,
which are marked as blue and green in Fig. 3(b), are coincident at one
point. Assuming that the end coordinates of the i-th chain are P,(x;, y),
the geometrical constraints of the mechanism are shown in the

following equation:
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Fig. 4 Test pathway of 2-DoF test manipulator
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where the whole joint vector g.; = [¢1 ¢> ¢ ¢4 gs]" and @1is the rotation
angle of the end effector frame. The velocity relationship between the
joint angles is calculated by the time derivative of the geometric

constraint as Eq. (4)."

dg _ 9gdq, _ 9gdq, _ 4l —
a8 _ 0g fu_ 0g v _ 4=0 4
dt g, dr dq, dt 6.6 @

where g, = [¢1 ¢2] and g, = [¢3 q4 ¢s]. Using this equation, the Jacobian
mapping matrix / can be derived as Eq. (5)

I
4,=Vqu=VU 2:2
-G, G

v

9.=17, )
u|
where ¢, = [q1 2 g5].
The dynamic model of a redundantly actuated manipulator can be
derived by replacing that of the non-redundantly actuated manipulator

with the constraint Eq. (1). This is shown in the following equation:

M(@)q,+C(q.9)q,+N@)=1,= "'z, (©)

where a 10-kg payload at the end effector is included in the dynamic
model to consider the effect of the working unit’s weight. The weight
of the additional actuator was only considered when we analyzed the
dynamic model of the redundantly actuated manipulator.

3.2 Test Condition

The test pathway is shown in Fig. 4. It starts at Position 1 and finishes
at Position 7. We determined this by referencing the spot welding
pathway, which is provided from the Hyundai automotive company. The
overall actuating time is 39 s, and the maximum velocity of the end
effector is 480 mmy/s.

The simulation is performed by comparing the energy consumptions

Table 2 Specification of motor and harmonic drive for non-redundant
and redundant actuation

Non-Redundant Redundant
Rated torque 3.5 Nm (2EA) 2 Nm (3EA)
Motor Rotation speed 1000 rpm 1000 rpm
Rated power 350 W 200 W
G Product number CSF40160 CSF50160
4 " Reduction ratio 1:160 1:160
reducer
Rated torque 529 Nm 294 Nm

of non-redundant and redundant actuation in the same pathway. The
energy-saving effect is calculated by the energy consumption model,
which will be analyzed in Section IV.

Table 2 shows the selection results of the motor and gear reducer
according to the pre-simulation. The harmonic drives are generally known
as the most commonly used gear reducer in the industrial manipulators.
Therefore, we select the harmonic drive as the gear reducer.

As described in Section II, the redundant actuation can reduce the
required rated power of the motor and the size of the harmonic drive.
In addition, the reduction of the size of the harmonic drive can lead to

friction loss reduction, although its reduction rate is not reduced.

4. Energy Consumption Analysis

4.1 Mechanical Power of Motor

Mechanical power is calculated by the production of load torque and
the rotation velocity of the motor. In the case of negative output power,
power for the motor is supplied externally and dissipates as heat because
the motor usually cannot regenerate that power but instead loses it.
Therefore, the mechanical power of the motor can be expressed as Eq. (7)

Prreen = %]’ (7)
where [x]* means that if x is positive, [x] is x; otherwise, [x] is zero.

4.2 Electric Power Loss

Electric power loss mainly occurs by the copper loss P, and it

oppe
can be calculated as Eq. (8).

2

P RI

copper = @®)
where R is the internal resistance of motors, and [ is the flow current.

The value of copper loss varies according to the type of motor. Even
with the same type of motor, it is affected by operating conditions such
as the temperature. Therefore, it is difficult to determine the exact value
of the copper loss in the simulation. When the state of the art motor is
operating at the rated power, the energy efficiency is known to amount
to approximately 90%. We assume the other 10% to be the electric power
loss due to the copper loss.

Therefore, the electric power loss P, can be expressed as Eq. (9).

rated
m

2
d Ty rated
Pelec = e‘lIe[i ("""'—j (Pe‘lle/i :O'IOXPrated) (9)
T,

where P,yeq is the rated power of the motor, and 7Z““is the rated

torque of the motor.
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Fig. 5 Friction torque of harmonic drive (Harmonic Drive, CSF50160,
MA, USA) according to load torque and rotation speed

4.3 Friction Loss

Friction loss mainly arises from the gear reducer of the manipulator.
We selected the harmonic drive as the gear reducer of the case study
model. The friction torque can be modeled based on several effects-
e.g., coulomb, viscosity friction.'* But we derive the trend equation
based on the product catalog of the harmonic drive for a more credible

equation.” The trend equation is shown in Eq. (10).

—(1;1(7/)’ (0<p<1) (10)

7= sign(q,,)

a1x2+a2x+a3 (b1y+b2j T
=  x= L y=
7 x+ay y+b; T;f"ed g

rated

where the efficiency 7 is calculated by Eq. (11), 7,

. (60
qm(ﬁ)‘ an
and N are the
rated torque and the reduction ratio of the harmonic drive,
respectively.

As a case study, the experimental friction torque of a harmonic drive
(CSF50160, Harmonic Drive, MA, USA) is shown in Fig. 5. We obtained
the experimental data from the product catalog.'” It consists of the
coulomb, the viscous, and the miscellaneous other friction types. As the
rotation speed and load torque are increased, the friction torque is
increased. The values of the constants are as follows: (@, =-1.290 x 10",
a=1325, a;=1.135x 10%, a,=1.981 x 10", b, =3.239x 10", b, =2.961
x 10°, and b3 =3.558 x 10°).

4.4 Power Consumption Model
The power consumption model of an actuator P, can be expressed
as Eq. (12).

2
Pac‘t = Pmech+Pelec = [qum]++P::‘lchfd(-szj (12)
7T,

tated
m

T:—T+ qm

=ty =2 (13)

It can be substituted as a function of torque ¢ and rotation velocity
of the actuating joint in Eq. (14) by the relationship of torques and
rotation velocities in Eq. (13).

T 2

T
rated| N

P = 74+ Nteg] + Pl (14)

rated
m

By using this model, we can calculate the power consumption of the

actuator to the torque and rotation velocity.

5. Optimization

5.1 Algorithm

The power consumption model of a robotic system Py, can be
expressed as the sum of that of actuators. The energy consumption of
a robotic system Eg, can be calculated by the integration of Py, about
actuating time as Eq. (15)

n
3 3 i
Eg = Llfpwdt = L:z P, dt
i=1

i

n ——_Tﬁ

. . i yrated)| N, -

= ['3 4 [d Ny + Pl | =
li=1

. (15)

dt

rated
mi

where n is the number of the actuator; ‘x and x; are the values of an x
variable of the i-th actuator; and ¢ and ¢ are the initial and final time
of the pathway, respectively. Note that we consider the optimization of
redundant actuation by optimal torque distribution in the same pathway
as non-redundant actuation. Therefore the joint velocity vector is given
by the pathway.

By minimizing the energy consumption E,, the optimal actuating
torque trajectory of a redundantly actuated robotic system can be
obtained as the Eq. (16).

minifize J(7) = E,(7,) (16)
. ,— 1" Trr
subject to a7
7, <7< rf/

The minimizing process was executed by using a sequential
quadratic programming (SQP) method.'® The SQP is one of the most
successful methods for the numerical solution of constrained nonlinear
optimization problems. The SQP method is a procedure that generates
iterates converging to a solution of this problem by solving quadratic
programs that are approximations of nonlinear optimization problems.
The conditions of optimization are as follow: (Stopping criteria:
Uh-J@h <1x10™, -2

” 7,—1, H<1><1074, Boundary of control
variable: T,L =-300, and rf/ =300)

5.2 Simulation Result

Figs. 6-8 show the torque of the actuating joint, the motor, and the
friction for non-redundant and redundant actuation, respectively. The
solid red line represents the actuation torque of B;. The dotted blue line
represents the actuation torque of B,. The alternating long and short
dashed green line represents the actuation torque of B;. There are some
vibrated torques due to the acceleration and deceleration at the spot
welding point. As shown in these figures, the peak actuating torque and
friction torque are reduced by redundant actuation.

The energy consumptions for non-redundant and redundant
actuation are presented in Fig. 9. The red area is the required
mechanical energy for the actuating robotic platform. The yellow area
is the energy loss caused by friction loss. The green area is the energy
loss caused by regenerative power dissipation. The blue area is the
energy loss caused by electric power loss. The sum of the red, yellow,
and green areas is the output energy of the motor, and the sum of all

areas is the total energy consumption of the robotic platform.
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(a) Actuating joint torques of 2-DoF non-redundant manipulator

(b) Actuating joint torques of 2-DoF redundant manipulator

Fig. 6 Actuating joint torques of 2-DoF non-redundant and redundant manipulators
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(a) Motor torques of 2-DoF non-redundant manipulator

Fig. 7 Motor torques of 2-DoF non-redundant and redundant manipulators

(b) Motor torques of 2-DoF redundant manipulator
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Fig. 8 Friction torques of 2-DoF non-redundant and redundant manipulators
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Fig. 9 Energy consumption of 2-DoF non-redundant and redundant manipulators

Table 3 Simulation of energy consumption

Non-Redundant Redundant Savings rate

Output Mechanical work 401J 4101J A5](-2.2%)
energy Regenerative power dissipation 2871] 71] V2161 (75.3%)
of motor Friction loss 6927 5077 V18517 (26.7%)

Electric power loss 135] 131J V4] (3.0%)
Total energy consumption 1,5151 1,120J V3957 (26.1%)
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The values of energy consumption are arranged in Table 3
according to type. Note that the mechanical work increased in case of
the redundantly actuated parallel manipulator due to the weight of
additional actuator. The simulation results showed that energy
consumption by redundant actuation was 26.1% less than that of non-

redundant actuation.

6. Conclusions

We firstly present an energy-saving method of a parallel mechanism
by redundant actuation. Savings are realized by the reduction of
regenerative power dissipation, friction loss, and electric power loss.
The optimization algorithm is presented to minimize the energy
consumption by optimal torque distribution.

A 2-DoF parallel manipulator is simulated as a case study. The
savings effect is calculated by comparing the energy consumption for
a non-redundantly and redundantly actuated case of a parallel
manipulator in the same pathway. The kinematic and dynamic models
of two parallel manipulators are analyzed to simulate the saving effects.
The simulation results show that 26.1% of energy can be saved by
extension to the redundant actuation in the test pathway. We will verify
these simulation results through experiments in the future.

The proposed energy-saving method can reduce the size of actuators;
therefore, the volume of the robotic system is expected to be decreased.
This feature is the additional benefit of the proposed method. The initial
cost for redundant actuation using more actuators is not expected to be
high because using more actuators can reduce the specification of each
actuator-e.g., the motors, driver, and harmonic drive. We will calculate
the profit and loss of the energy-saving method in an upcoming study.

This energy-saving effect may vary according to the pathway. We
need to develop a performance index that can represent the savings
effect in the overall workspace. Thereafter, the optimization of linkage
parameters and type synthesis of the actuator will be performed.

REFERENCES

1. Park, C.-W., Kwon, K.-S., Kim, W.-B., Min, B.-K., Park, S.-J., et al.,
“Energy Consumption Reduction Technology in Manufacturing: A
Selective Review of Policies, Standards, and Research,” Int. J.
Precis. Eng. Manuf., Vol. 10, No. 5, pp. 151-173, 2009.

2. Ahn, S.-H., “An Evaluation of Green Manufacturing Technologies
Based on Research Databases,” Int. J. Precis. Eng. Manuf.-Green
Tech., Vol. 1, No. 1, pp. 5-9, 2014.

3. Yoon, H.-S,, Lee, J.-Y., Kim, H.-S., Kim, M.-S., Kim, E.-S., et al.,
“A Comparison of Energy Consumption in Bulk Forming,
Subtractive, and Additive Processes: Review and Case Study,” Int. J.
Precis. Eng. Manuf.-Green Tech., Vol. 1, No. 3, pp. 261-279, 2014.

4. Endo, G, Yamada, H., Yajima, A., Ogata, M., and Hirose, S., “A
Passive Weight Compensation Mechanism with a Non-Circular
Pulley and a Spring,” Proc. of the IEEE International Conference on
Robotics and Automation, pp. 3843-3848, 2010.

5.

10.

11.

12.

13.

14.

15.

16.

Plooij, M. and Wisse, M. “A Novel Spring Mechanism to Reduce
Energy Consumption of Robotic Arms,” Proc. of the IEEE
Intelligent Robots and Systems, pp. 2901-2908, 2012.

Allison, J. T., “Plant-Limited Co-Design of an Energy-Efficient
Counterbalanced Robotic Manipulator,” Journal of Mechanical
Design, Vol. 135, No. 10, Paper No. 101003, 2013.

Halevi, Y., Carpanzano, E., Montalbano, G, and Koren, Y.,
“Minimum Energy Control of Redundant Actuation Machine
Tools,” CIRP Annals-Manufacturing Technology, Vol. 60, No. 1, pp.
433-436, 2011.

Khoukhi, A., Baron, L., and Balazinski, M., “Constrained Multi-
Objective Trajectory Planning of Parallel Kinematic Machines,”
Robotics and Computer-Integrated Manufacturing, Vol. 25, No. 4,
pp. 756-769, 20009.

Seok, S., Wang, A., Chuah, M. Y., Otten, D., Lang, J., et al., “Design
Principles for Highly Efficient Quadrupeds and Implementation on
the MIT Cheetah Robot,” Proc. of the IEEE International
Conference on Robotics and Automation, pp. 3307-3312, 2013.

Lee, G, Lee, D., Jeong, J., and Kim, J., “Energy Savings of a 2-DoF
Manipulator with Redundant Actuation,” Proc. of the IEEE
International Conference on Robotics and Automation, pp. 5076-
5081, 2014.

Lee, G, Jeong, J., Park, S., Lee, D., Park, F., et al., “Minimizing
Energy Consumption of Parallel Mechanisms via Redundant
Actuation,” IEEE/ASME Transactions on Mechatronics, DOI No.
10.1109/TMECH.2015.2401606, 2015.

Shin, H., Lee, S., Jeong, J. L., and Kim, J., “Antagonistic Stiffness
Optimization of Redundantly Actuated Parallel Manipulators in a
Predefined Workspace,” IEEE/ASME Transactions on Mechatronics,
Vol. 18, No. 3, pp. 1161-1169, 2013.

Saglia, J., Dia, J., and Caldwell, D., “Geometry and Kinematic
Analysis of a Redundantly Actuated Parallel Mechanism That
Eliminates Singularities and Improves Dexterity,” Journal of
Mechanical Design, Vol. 130, No. 12, Paper No. 124501, 2008.

Kennedy, C. W. and Desai, J. P., “Modeling and Control of the
Mitsubishi PA-10 Robot Arm Harmonic Drive System,” IEEE/
ASME Transactions on Mechatronics, Vol. 10, No. 3, pp. 263-274,
2005.

Harmonic Drive, “High Performance Gearheads for Servo and
Stepper Motors,” http://harmonicdrive.net/media/support/catalogs
/pdf/gearhead-catalog.pdf (Accessed 27 February 2015)

Bonnans, J. F., Gilbert, J. C., Lemaréchal, C., and Sagastizabal, C.
A., “Numerical Optimization: Theoretical and Practical Aspects,”

Springer Science & Business Media, p. 191, 2006.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [72 72]
  /PageSize [612.000 792.000]
>> setpagedevice


