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Abstract— A serially interconnected N-mass system
is considered. Specifically, we consider the single-input single-
output (SISO) compliance from the force applied on any
mass to the position of any mass. The main result of the
paper is a result showing that all SISO compliances of serially
connected structures are strictly minimum phase. Lastly, we
present a dynamic compensator that is constructed using
generalized root locus principles and the Fibonacci series.
The compensator requires only limited knowledge of the plant
and provides infinite upward gain margin.

I. INTRODUCTION

It is well known that one of the main impediments
to achievable performance in linear time-invariant control
systems is the presence of nonminimum phase zeros [1, 2].
Open right half plane zeros cause peaking in the sensitivity
function, and they limit gain margins for robust stability.

For noise and vibration control applications, sta-
bility robustness benefits from sensor/actuator colocation,
although achievable performance can be improved by
separating the control input from the measurement signal
[3]. For colocated hardware, it is well known that the trans-
fer function is minimum phase; in fact, force-to-velocity
transfer functions are positive real. However, for the case
of a noncolocated arrangement of control hardware it is of
interest to know whether the resulting transfer function is
minimum or nonminimum phase.

The role of nonminimum phase zeros in limiting
both achievable performance and robust stability suggests
the importance of understanding the mechanisms that give
rise to such zeros in flexible structures. This issue is
discussed in [4], where it is shown that nonminimum phase
zeros arise in noncolocated transfer functions for beam
models when multiple mechanisms are involved for energy
transfer, for example, bending and torsion. Furthermore,
it is shown in [5] that nonminimum phase zeros arise in
noncolocated transfer functions for beam models when the
dynamics are dispersive, as occurs in bending.

In the present paper we consider the existence of
nonminimum phase zeros within the context of lumped
structures. Specifically, we consider mass-spring-dashpot
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Fig. 1. N-Mass System

systems with serial connections, that is, in the form of a
string of masses interconnected by springs and dashpots.
This structural configuration provides an approximation for
a beam in compression, and is also useful in modeling
the dynamics of a string of vehicles with pairwise control
loops. For this class of systems, we show that every force-
to-motion transfer function between every pair of masses
is minimum phase, while the relative degree of each such
transfer function is a simple function of the number of
intervening masses.

Since the relative degree of the noncolocated
transfer functions can be as large as the number of masses,
root locus analysis shows that high-gain feedback for
improving structural response can be destabilizing. We
therefore apply a high-gain controller that requires only
a bound on the relative degree. This controller, developed
in [6], is an extension of the approach of [7] to the case
in which the relative degree is bounded but otherwise
unknown.

The contents of the paper are as follows. In
Section 2, we present the dynamics for a serially connected
N-mass structure. Section 3 presents a simple formula for
the relative degree of every force-to-position compliance
transfer function. In Section 4, the zeros of the compliance
are shown to be strictly minimum phase. A high-gain
controller that improves structural response is presented
in Section 5. Our conclusions are given in Section 7.

II. N-MASS SYSTEM

Consider the N-mass system shown in Figure 1
with force inputs wuq,...,un. Let q1,...,qy, denote the
position of the mass my, ..., my, respectively. For all 7 =
1,..., N, the mass m; and m;; are connected by a spring
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with stiffness k;; and a damper with damping coefficient
c;+1. The equations of motion are

Mi+Ci+ Kq=u, @2.1)

where M € RN*XN C e RVXN K € RVXN ¢ e RV,
and u € RY are given by

mi 0 .-
mMe| oo , 2.2)
0 my
k1 + k2 —ko 0 0 0
—ko ko + k3 —k3 0 0
0 0 0 —kn kN +.kN+1
c1 + ca —cC2 0 0 0
—c2 c2 + c3 —c3 0 0
Cé 0 —cC3 c3+cqg - 0 (24)
0 0 0 —CN CN FtCN41
T T
e av |7, uE[w un 7. 2.5)

Furthermore, (2.1) - (2.5) can be written in the first order
form as

i = Ax + Bu, (2.6)
Y= OpOS'ra 2.7

where A € RPVX2N B e REVXN ¢ o€ RVX2N and
x € R?N are defined by

a On Iy a| On
A= —-M'K MlC]’ B_{Ml ]’
C’pos £ [ IN ON ] ) (28)
A . . T
= [ q qN @1 qN ] .

We assume that M, K, and C are positive definite. Hence
it can be shown that (2.6) is asymptotically stable (see [8]).

The compliance Gcomp(s) has the realization

A B
Geomp(s) ~ Cooe o | (2.9)
with SISO entries
Goomp, , (5) Geomp,  (5)
Gadam(s) = : (2.10)

Gcomprl(S) GcompNyN(S)

where Geomp, ;(s) is the compliance from the force
on mass m; to the position of mass m;. Furthermore,
Gcompi,j (s) can be expressed as

Geomp, ; (5) = Cposi (sI — A) "' B; (2.11)

where Cpos,; is the ith row of Clos and Bj is the jth
column of B.

Proposition 2.1. For all ¢ = 1,...,N, and j =
L.... N, Geomp, (s) = Gcomp],_’i(s).

Proof. Note that Geomp(s) can be expressed as
Geomp(8) = Cpos(sI — A)™'B

-1
1 1
= (sI +M~C+ M—lK) M~12.12)
S S
= (M32+Cs+K)71.

It follows from (2.9) that G'X  (s) has the realization

Ai)mp cr.
Gomp(5) ~ |57 . (2.13)
and hence
Glomp(s) = BT (sI — AT)'CL
= [Cpos(sI — A)7'B]" (2.14)

_ [(Ms2 +Os+ K)‘l}T

It follows from (2.2)-(2.4) that M, C, and K are sym-
metric, and hence, it follows from (2.12) and (2.14) that
Geomp(5) = Gomp(s), which implies that Geomp, , (s) =

O

comp
Gcompj,i ().

III. RELATIVE DEGREE OF THE COMPLIANCE

In this section, we analyze the relative degree of
the compliance. Without loss of generality, we consider
Geomp,, (s) for all i < j. Partitioning A™ into four N x N
matrices yields

A" = n n
A3 A3

) (3.1)

where A" € RV*N and A" € R¥*N have entries
(n] L g

akl,l a ak1,N
Al = ; .
[n] [n]
a"‘N,l ak’N,N (3 2)
[ alnl - alml ’
c1,1 C1,N
Al = .
[n] [n]
%en g Gen N

Note that ALO] = Iy and A[CO] = Op. Furthermore, it
follows from (2.8) that

A —oy, A= MK

AN = 1y, AR = _ple (3.3)

The following result is by observation.

Proposition 3.1. For all n = 2,..., N — 1, and for all
j=1,...,N —n,
j+n—1

kjia Cp S
— —, i=j+n-—1,

CLEZ],], =\ "+l p=j+2 mp (3.4)
0, 1>75+n—1,
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and

c et
J+1 D . .
—, 1=j+n-1,
[C:L]] = MG+l =, M 3.5
0, 1>7+n—1

Proposition 3.2. Foralli =1,...,Nandj =1,...,1,
the relative degree r; ; of the compliance Gcompw(s) is
given by

Tij = ) —j + 2. (36)
Proof. Let Cpos;A"B; = 0 for all n < k and
Cpos,iA¥B; # 0, then the relative degree r;; of

Gcompi,j (s) is given by r; ; £ L+ 1. It follows from (2.8)
and (3.2) that

CposiA"Bj =

3.7
m]

Proposition 3.1 implies that Clos ;A" B; = 0 for all n <
i—j+1and Chos ;A" Bj # 0 for n = ¢ — j + 1. Thus the
relative degree is r; ; =n+1=14—j+2. O

Note that the relative degree 7, = 2 is mini-
mum, when the sensor and actuator are colocated, that is,

i=j.

IV. ZEROS OF THE COMPLIANCE

Next, for all Geomp,
Gcompi’j (5) by
écompi,j (5) é

where 6 > 0. It follows from (2.9) that écompi ;
the realization

(s) with ¢ > j, define

S(8)(s+8)", 4.1)
(s) has

Gcompi,

A | B
Geompr, (5) ~

Cpos,i (A + 51)7"1"]' 61’,]’

where (3 ; & C’pos,iATivi’lBj. Proposition 3.2 implies
that ; ; > 0. Hence, Gcompi‘j(s) is invertible with the

] , 42

realization
~ Ainv |_ - Bj
Gloomnp, () ~ | (4.3)
D B%jcpos,i (A+61)" 6»-14
where Ay, € R2V*2N s given by
_ 1 .
Ay L — Cposz(A—{—(SI) Bi “4.4)
i,

It follows from (4.1)-(4.3) that

spec (Ainv> = zeros (Gcompij (s)) U{-d}. 4.5)
Since § > 0, Geomp,, (s) is strictly minimum phase if and
only if Re (\) < 0 for all A € spec(Ajny).

Partitioning (A+31)™7 into four N x N matrices

yields
[ri,s] [ri,5]
(A+ 0D = A‘[Zze 1 A[T ] (4.6)
A ¥ A @]
021 022

Expanding (A + 0I)" into a binomial series yields

(A+8D)T03 =hy, 0y AT03 + Ry, 1ySATH o

+ h(’ri,j,’ri,jfl)é‘”’jilA + h(ri,j,n‘ ‘)5Ti,j1 (47)
where for all n = 0,...,7j, h(r, , n) = W > 0.
i,
Substituting (3.1) and (4 6) into (4.7) yields
Ti,j
A[;,;”] _ Z h(’r‘i_’j,n)(SnAE:iv.?‘_n]? (4.8)
n=0
7"1',1]'
AP =5 hg,, st Al 4.9)
Let Ag’;] and Agi] have entries
ol U
Ok1,1 6k1 N
A?;] - : - :
G.ES"] L G.Es"]
kN1 kN, N
i L am (4.10)
Yey 4 Se1 N
Al = : . :
ol g
L JLN 1 6CN,N
Substituting (4.10) into (4.8) yields
Ti,j
LD SUSILL SR
Tij
ayl = Zh<r”,n)5"a!;1; nl (4.12)
forallp=1,..., N, andq— 1,...,N.
Proposition 4.1 For all i = N, and 7 =

., N, Gcompw (s) is strictly minimum phase.

Proof. Note that 7; ; = 7 — j 42 and hence substituting

p = 1 and ¢ = 7 into (4.11) and using the fact that
h(m,j,m i) = h(,« 5,0) = 1 yields
age! =l b, mda (4.13)
+ h(r . .,1)(57”'_1 [1] + 5nja[0] . .
and
[rig] _ [ri,;] [ri,;—1]
a ag 9+ b, 1y0ad T A
bcjj G (ris:1) “4.14)
+h(h] N 67"1 j_l [1] R ]a[o]

Case 1. Let ; ; = 2, which implies that ¢ = j. Substituting
1 = 7 into (4.13) and using (3.3) yields

agzk]lb - az],i + 25&&1 + 62a5€0] [2] + 52

b (4.15)
a([i] = a?] + 2(5a[c:t]yi + 52‘1[3],1- = a?] +26.

i,i
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Hence, if § > 0 chosen sufficiently large, then a([i]v >0

and a?c]‘ > 0.
Case 2. Let r;; > 2, which implies that ¢ > j. In

that case, it follows from (3.4) and (3.5) (Proposition
3.1), that there exists n,, = ¢ — j + 1 such that

n 0; = Ny, 0) = Ny,
W e oo

n<n,
Substituting (4.16) into (4.13) yields

7 Twl)(sa[ru + ...
I 7 - 4.17)
N TR, L

Ti,j k,,]

(4.16)

=0, n<n,.

1)6&“1] + ..

Ti 4 — My s
I )

Hence, if § is chosen sufficiently large, then ag”’j] >0

Ti,js

[rigl _ [rij]
a =alt i+ h
Se, Cij ( (4.18)
+ h(

T, 557,35

and a[ N J_] > 0. It follows from Case 1 and Case 2 that
forallz_l ,Nand j =1,...,4,if § > 0 is chosen
sufficiently large, then
al™l >0, ol >0, (4.19)
i,j Ci,j
Next, we analyze B;Cpos i (A+01)™3. It follows
from (2.8) that forall p=1,...,2N,andg=1,...,2N,
the (p, g)th entry of B;Cpos; € R2V*2N s given by

pra p,q) = (N +j,1)
(BijOS,i)pﬂ = v . (420)
0, (p,a)# (N +4,4)
Hence, it follows from (4.20) and (4.6) that
. 0
BjC'pOSﬂ;(A—G-JI)“J = L[A( LCA’ N (421)
m,- mj
where for all p=1,..., N,
R (Alril —
row,(K) = rowi(A, ) P=0 y o)
0, p#Js
A row-(A[”’j]) p=1j
row,(C) = e ] (4.23)
0, p#Js

which implies that the jth row of K € RN*N and
C € RVXN s the only non-zero row. Since, M in (2.2)
is diagonal, B;Cpes (A + 6I)™ in (4.21) can also be
expressed as
0 0

M-'K M-'C
Hence, (4.10) and (4.22) imply that

spec(K) = {ag" "} U{0}, spec(C) = {a; "'} U {0}(4.25)

B;Cposi(A+61)4i = { . (4.24)

Substituting (4.24) into (4.4) yields

P 0 I
Ay = VAR M-LE (4.26)
where K € RN*N and C € RV*N are defined by
- 1
K=K+—FK, C=C+—C. 4.27)
ﬁ i Bij

It follows from (4.19), (4.22) and (4.25) that K and C
can be made positive semi-definite by choosing a large
& > 0. Furthermore, since K and C' are positive definite
and §;; > 0, (4.27) implies that for a sufficiently large
6 >0, K and C are positive definite. Hence, it follows
from [8] that for all A € spec(flinv), Re(A\) < 0, and hence
(4.5) implies that for all ¢ = 1,...,N,and j = 1,...,4,
Geomp, , (s) is strictly minimum phase. O

V. HIGH-GAIN DYNAMIC COMPENSATION

In this section, we consider a high-gain stable
dynamic compensator for the single-input single-output
compliance

Yi(t) = Geomp, , (s)u;(t), (5.1)
where y;(t) is the position of the ith mass and w;(t) is the
force on the jth mass. Furthermore, let s = +1 be the

sign of the high-frequency gain, and let 3 be the magnitude
of the high-frequency gain.

The results of [8] and Proposition 4.1 implies
that (5.1) is asymptotically stable and strictly minimum
phase. Nevertheless, active control is frequently used on
asymptotically stable structures to add damping and/or
stiffness. Under this motivation, we consider a high-gain
stable dynamic compensator that is constructed using
generalized root locus principles and the Fibonacci series
[6]. The novel aspect of this construction is that the
compensator requires limited information of the transfer
function Geomp, | (s) to yield the closed-loop system high-
gain stable. We assume the following information.

(i) The magnitude of the high-frequency gain satisfies
0 < B < by, where by is known.
(ii) The sign of the high-frequency gain is known.
(iii) The relative degree satisfies 0 < r; ; < p, where p
is known.

For all j > 0 let I} be the jth Fibonacci number,
where F() = 0, F1 = 1, F2 = 1,F3 = 2,F4 = 3,F5 =
5,Fs =8, F; =13, Fg = 21,..., and define

Io, . Fpio— Frya, (5.2)
where h satisfies 1 < h < p.

Consider the input u; = v —u, with the feedback
ue = G(s, k)ys, (5.3)
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and the strictly proper controller
S kFrt+22(s)
50 +kTo.pb,sp=1 4kFo0=1b, 1502 4 .. kTo.1b, ’

G(s, k)2

(5.4)

where k& > 0, b1,...,b, are real numbers, and Z(s) is a
degree p — 1 monic polynomial. The closed-loop system
is

A 1

G(s,k) = - .
(s, k) 1+ G(s,k)Geomp, , ()

(5.5)

The following two results are specializations of
results presented in [6].

Theorem 5.1: Consider the closed-loop system
(5.5). Assume that the polynomials Z(s),

B, 5(s) 2 * +b,52+by_15+by,  (5.6)
and
Bi(s) = biy35” + bip25° + biy15 + bo, (5.1

for all i = 0,1,...,p — 3 are Hurwitz. Then G(s, k)
is high-gain stable for all 3 € (0,by]. Furthermore, as
k — o0, 2N — r;; + p — 1 poles of the closed-loop
system converge to the union of the roots of Z(s) and
open-loop zeros. The real parts of the remaining r; ; + 1
roots approach —oo.

For implementation purposes, it is desirable that
the controller G(s, k) be stable.

Proposition 5.1. Consider the controller given by (5.4),
and assume that

B(s) = sP + b,,s”*1 + b,,_lspf2 4o+ bys+by (5.8
is Hurwitz. Then the controller (5.4) is stable for all £ > 1.

VI. EXAMPLE

Consider a serially connected 3-mass system as
shown in Figure 1 when N = 3. Let Gcompu(s) be
the single-input single-output compliance from the force
of the ¢th mass to the position of the jth mass. We
assume that the magnitude of the high-frequency gain is
positive and the upper bound on the high frequency gain
is bp = 4. Proposition 3.2 implies that the relative degree
of Gcompi,j (s) must satisfy r; ; < p =4.

Now, we use the results of Theorem 5.1 to design
a dynamic compensator for Geomp, ;(s) that will yield
the closed-loop high-gain stable. Consider the dynamic
compensator
k82(s)
54 + k3b453 + k5b3$2 + k6b28 + k7b1
where k& > 0 and Z(s) is a degree 3 monic Hurwitz

~ )é

s, b , (6.1

aaaaaaaaaa

;;;;;;;;;;;;;;

uuuuuuuuu
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~100F
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Fig. 3. Bode plot of the closed-loop system for ¢ = 1 and j = 1, and
the gain k = 15.

polynomial. The controller parameters are chosen to be
2(s) = (s+5)(s+4)(s+3), (6.2)
bp =5, by=10, b3=10, by=5H, (6.3)

to satisfy the assumptions of Theorem 5.1 and Proposition
5.1.

Now, assume that the 3-mass system is given by
. 0 I3 0
T = _M—lK _M—lc :| T+ |: M—l :| U, (64)
y:[Ig, 0]:0, (6.5)

where M, C' and K are defined by (2.2)-(2.5) and x is
defined by (2.8) with N = 3. The masses are m; = 1
kg, mo = 2 kg, and m3 = 3 kg. The stiffness coefficients
are k1 = 50 N/m, ko = 70 N/m, and k3 = 60 N/m. The
structure is lightly damped with the damping coefficients
given by ¢; = 3 Ns/m, c; = 6 Ns/m, and c3 = 2 Ns/m.

Assume that Geomp, 7(s) is the compliance from
the force of the first mass to the position of the first mass.
Hence, the relative degree r; ; = 2. The Bode plot for
this transfer function is shown in Figure 2. To improve
performance, we implement the high-gain controller (6.1)-
(6.3) with the gain set at k¥ = 15. The Bode plot of the
closed-loop system is shown in Figure 3. Note that the
addition of high-gain feedback has attenuated the resonant
peaks.

Now, we assume that G'eomp, ; (s) is the compli-
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Bode Dagram

Phasa (dsq)
N
@
8

-
L L |
3 38 &
8 8 g

3. ;/ /

Frequency (radsec)

Fig. 4. Bode plot of the open-loop system for ¢ = 2 and j = 1.

Bodo Diagram

Pase (ceg)

Frequency (radsec)

Fig. 5. Bode plot of the closed-loop system for ¢ = 2 and j = 1, and
the gain k£ = 60.

ance from the force of the second mass to the position
of the first mass so that the relative degree r; ; = 3. The
Bode plot of the open-loop system is shown in Figure 4.
As seen in Figure 5 the high-gain control with & = 60
improves performance.

Lastly, we assume that Geomp, () is the compli-
ance from the force of the third mass to the position of the
first mass so that the relative degree r; ; = 4. The Bode
plot of the open-loop system and the closed-loop system
are given in Figure 6 and Figure 7, respectively. The gain
k = 150.

€100
3-150

-200

-180

Phse (deg)

-270

-360

10' 10

Frequency ()

Fig. 6. Bode plot of the open-loop system for ¢ = 3 and j = 1.

-100F

Magntude (68)
g

10f 10' 10 10
Fraquency (aec)

Fig. 7. Bode plot of the closed-loop system for ¢ = 3 and j = 1, and
the gain k = 150.

VII. CONCLUSIONS

In this paper, we examined a serially connected
N-mass structure. The relative degree of all SISO force-
to-position transfer functions was shown to be a simple
function of the number of masses between the sensor and
actuator. Furthermore, we showed that all SISO force-to-
position transfer functions are strictly minimum phase.
Lastly, we apply a specially constructed controller that
provides infinite upward gain margin. Thus high-gain
feedback can be used to improve structural response.

REFERENCES

[11 J. C. Doyle, B. A. Francis, and A. R. Tannenbaum, Feedback
Control Theory, Macmillan, New York, 1992.

[2] D. S. Bernstein, “What Makes Some Control Problems Hard?,”
IEEE Contr. Sys. Mag., Vol. 22, pp. 8-19, 2002.

[3] J. Hong and D. S. Bernstein, “Bode Integral Constraints, Coloca-
tion, and Spillover in Active Noise and Vibration Control,” /[EEE
Trans. Contr. Sys. Tech., vol. 6, pp. 111-120, 1998.

[4] E. H. Maslen, “Positive Real Zeros in Flexible Beams,” Shock and
Vibration, vol. 2, pp. 429-435, 1995.

[51 D. K. Miu, Mechatronics, Springer-Verlag, New York, 1993.

[6] J.B.Hoagg and D. S. Bernstein, “Discrete-Time Adaptive Feedback
Disturbance Rejection Using a Retrospective Performance Mea-
sure,” Proc. ACTIVE 04, Williamsburg, VA, September 2004.

[71 1. Mareels, “A simple selftuning controller for stably invertible
systems,” Syst. and Contr. Letters, vol. 4, pp. 5-16, 1984.

[8] D. S. Bernstein and S. P. Bhat, “Lyapunov Stability, Semistability
and Asymptotic Stability of Matrix Second Order Systems,” Trans.
of ASME., 50th Anniversary Design Issue, pp. 145-153, 1995.

2643



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Courier
    /Helvetica
    /Helvetica-Bold
    /Times-Bold
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




