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Abstract - The purpose of this paper is to report on the development of a procedure for inferring black-box,
yet biologically interpretable, dynamic models of bioprocesses based on sets of measurements of a few
external components (biomass, substrates, and products of interest). The procedure has three main steps: (a)
the determination of the number of macroscopic biological reactions linking the measured components; (b)
the estimation of a first reaction scheme, which has interesting mathematical properties, but might lack a
biological interpretation; and (c) the "projection" (or transformation) of this reaction scheme onto a
biologically-consistent scheme. The advantage of the method is that it allows the fast prototyping of models
for the culture of microorganisms that are not well documented. The good performance of the third step of the
method is demonstrated by application to an example of microalgal culture.

Keywords: Reaction networks; Mathematical modeling; Parameter estimation; Bioprocesses.

INTRODUCTION

The increasing demand for process monitoring,
control, and optimization encourages the development
of various techniques for modeling bioprocesses.
Among these techniques, the one proposed by Bastin
and Dochain (1990) relies on the concept of a
macroscopic reaction scheme, ie., a set of M
reactions that represent macroscopic relationships
between the N key-components of the system
(biomass, substrates, and products). The general form
of a macroscopic reaction scheme can be expressed as:

Z(_Vik)éiﬂ{—)Zijéjs fork e[1,M], (D

i€Ry €R
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where R, and 7, are, respectively, the sets of
reactants and products of reaction k, and ¢, is the

k™ reaction rate, generally expressed as a non-
negative, nonlinear function of the reacting species
concentrations &; and &;. The coefficients v are

the pseudo-stoichiometric (or yield) coefficients of
reaction k, which are positive when related to a
product and negative for a reactant. A necessary
condition for independence between the reactions is
to force their number to be less than or equal to the
number of components, i.e., M <N.

This formulation provides a representation of the
main mechanisms underlying any bioprocess without
dealing with complex metabolic pathways. In
addition, Equation (1) attempts to preserve the
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essential biological aspects that are of interest for
further process monitoring and optimization.
Assuming for the sake of clarity no gaseous outflow,
a simple mass balance thus gives the following set of
ordinary differential equations, written in matrix
form:

%: Ko (&)~ D(OE(t)+F(1), @

where &(t)e RN is the vector of species

concentrations, K € RMN

matrix,  ¢(&)eRM the

D(t)eR the input dilution rate, and F(t)eRN the

vector of external feed rates. From Equation (2), it is
obvious that the model reactions are linearly
independent if and only if matrix K is full rank:

the pseudo-stoichiometric

reaction rate vector,

rank (K)=M. 3)

The next section introduces the three successive
stages of the identification methodology and the
subsequent section illustrates its use in a simulation
example of microalgal growth, using a mechanistic
reformulation of the well-known Droop model
(Lemesle and Mailleret, 2008).

ROBUST METHODOLOGY OF
IDENTIFICATION

The present work concerns the identification of
model (2) from a limited set of noisy measurements
of the state vector:

e=1...,N,
ty ), with , 4
(1) {k:l,...,NZ ¥

where N, is the number of informative experiments
and N is the number of samples taken during the et

experiment. Discrete instant t{ refers to the A"

measurement time of the e™ experiment. It is
assumed that the initial concentrations of all the
experiments are measured with special care, so that
they can be regarded as perfectly known:

En (t5)=£(0),Ve. (%)

This assumption can eventually be relaxed by
estimating initial conditions, together with the

unknown parameters of Equation (2). In our
methodology, the distinction is made between three
types of such parameters:

. M*, the minimum number of reactions to be
taken into account in order to represent the
experimental data with a given accuracy;

. 9;{ , the optimum stoichiometric parameters, which
are the unknown elements of the yield matrix K ; and
. 9:;, the optimum kinetic parameters appearing in

the reaction rate vector ¢(§).

It is assumed that the biological information
available on the process encompasses the structure of
the reaction rate vector. Also, full-state measurement
is assumed at discrete times, so that a continuous,
noise-reduced signal & (t) is obtained via standard

techniques of interpolation and linear filtering.
Finally, the time-evolution of the dilution rate and
external feed rates are regarded as perfectly known.

Number of Reactions

As described by Bernard and Bastin (2005a,
2005b), the number of reactions required for the model
to reproduce the observations with a given error
threshold can be assessed by a principal component
analysis of the interpolated datasets. Their estimation
approach is briefly outlined in what follows.

After placing the measured terms on the left-hand
side of the equation, Equation (2) can be written as
follows for every measurement instant:

450
dt

#D(})e(4)-F(t) =Ko(s()). ©

(t=t})

The interpolation and linear filtering of both sides
of this expression gives

u(t)=Kw(t), (7)

which can be written in matrix form after sorting
column-wise the vectors related to the wvarious
instants:

U = KW. )]

Using Equation (3), together with the fact that
matrix W has full row rank by construction, linear

matrix algebra states that the square matrix uu’
has rank M. The eigenvalue decomposition of this
matrix then gives
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uuT =pTzp, )

where ¥ is a diagonal, positive semi-definite matrix
whose nonzero elements represent the variance
related to each eigenvector, i.e., each column of
matrix P. The first stage of the methodology thus
consists of selecting the set of the M largest
eigenvalues that represent a total variance larger than
a given confidence threshold.

Identification of C-Identifiable Schemes

A systematic, data-driven approach was suggested
by Hulhoven et al. (2005) to identify those reaction
schemes that satisfy a mathematical property known as
C-identifiability. This procedure relies on a state
transformation operated via the following partition of
the pseudo-stoichiometric matrix:

K, . K, e RMM
K= , with (10)

o) Ky RO
The matrix C is chosen such that
CK, +K, =0, (1)

which makes the dynamics of the transformed state
vector z =CE, + &, independent of the reaction rate

vector:

%:—D(t)z(t)+CFa(t)+Fb(t)- (12)

Using Equation (12), the measurement of z(t) and

the knowledge of the transport terms enable the
estimation of C independently of the reaction
kinetics (Bogaerts et al., 2003). The property of C-
identifiability denotes those schemes whose pseudo-
stoichiometric matrix can be computed as the unique
solution of Equation (11) when an estimate of C is
known (Chen and Bastin, 1996).

The identification approach recommended by
Hulhoven et al. (2005) ensures model C-
identifiability by systematically screening those
matrices K, that have the following specific form:

1 0 0
0 £1 "
K,=| . . . : (13)
o .0
0 0 =1

By determining the value of K, that offers the
smallest cost after identification of its corresponding
matrix C, an estimate of the whole pseudo-
stoichiometric matrix is deduced from Equation (11).
This identification procedure is repeated for every
possible partition [&,,& ]T of the state vector and the
pseudo-stoichiometric matrix leading to the smallest
cost function is eventually adopted.

The second step of our methodology makes the
most of the observation that real bioprocess models
are usually not C-identifiable because their
submatrix K, is rarely of the form (13). Rather than
spending computational effort in screening all the

possible values of K, suggested by (13), which
would lead anyway to reaction schemes lacking
biological interpretation, our approach keeps K,
equal to identity the first time. Doing so speeds up
the algorithm by restricting the screening of many
candidate matrices K, to the single choice of the
best state partition. It is important to note that the
issue of conferring biological interpretability to the
model is voluntarily left to the last stage of the
methodology.

Subsequently, the assumption is made that an

estimate C of matrix C has been computed
independently of the reaction rates (Bogaerts et al.,
2003), so that the pseudo-stoichiometric matrix of
the following C-identifiable model involves an
identity submatrix. Indeed, using K, =1, with the
estimate of C in Equation (11) gives Ky =—6, S0
the partitioned version of (2) becomes:

d ‘:a(t) _ IM * Y
a[éb(t)]_( (A:J(PC(E»SKa‘%)

Sttt

In this expression, @¢ (é, 8’;{,82) is an unknown

reaction rate vector that generally lacks a biological
interpretation. For instance, elements of ¢~ may

become negative for some state values.

The concept of equivalence between reaction
schemes can be exploited here to facilitate the
biological interpretation of Equation (14) and it is
therefore important to introduce it before going
deeper into the last stage of the approach. Two
reaction schemes (or their associated dynamic
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models) are equivalent if, for any possible input, they
describe identical time-trajectories of the system state
(Delcoux et al., 2001). A necessary and sufficient
condition for two dynamic models to be equivalent is
the existence of a linear mapping that transforms one
model into the other. To illustrate this, let A and B
be two equivalent models. The equivalence between
A and B can be highlighted via the respective
replacement of K, and ¢, in the dynamic

expression of A by the following quantities:

K,=KzQ and ¢,4=Q ', (15)

RMXM

where Q € can be any regular transformation

matrix. This illustrates the existence of an infinite
number of equivalent models to represent the same
time-evolution of the state.

By comparing equivalent models (2) and (14),
and by taking (10) into account, the unknown vector
¢c can be expressed as a linear combination of the

true reaction rate vector ¢, in which the coefficients

are the actual reaction yields of the components
associated to the identity submatrix:

0c (& 9% 95) = K (9%, )o(&.95 ) (16)

The only way to free up the biological
interpretation of (16), i.e., to separate the influence
of the reaction stoichiometry from its kinetics, is thus
by identifying the remaining unknown parameters of

the model, i.c., SZa and 8;. In the last stage of our

methodology, the submatrix K, is therefore

a
regarded as an unknown transformation matrix that
maps the previously-identified, C-identifiable model
(14) onto a biologically-consistent one.

Identification of Biologically Relevant Schemes

As explained in the previous section, the third
stage of our identification procedure aims at
determining a biologically-consistent scheme by
identifying the remaining stoichiometric and kinetic
parameters of a C-identifiable model in order to
transform it. While the estimation approach is
basically measurement-driven, the availability of
biological information may strongly influence its
convergence towards the optimum value of the
parameters. Biological knowledge about the system
should therefore be included into the problem in the
form of mathematical constraints on the

stoichiometric and kinetic parameters, while kinetic
considerations should, in addition, specify the
structure of the reaction rate vector as accurately as
possible. The use of too general forms of the kinetic
functions can indeed lead to a lack of model
identifiability.

The present identification stage is split up into
two steps, namely a quick parameter assessment step
followed by a general refinement of the estimates,
e.g., in the maximum-likelihood sense. Since
parameter identification of dynamic models is, in
general, a well-documented approach (Walter and
Pronzato, 1997), the present paper focuses instead on
the description of the quick assessment approach.

After substituting Equation (16) into Equation
(14) and gathering the measured terms on the left-
hand side of the equation, the following expression is
obtained at every measurement instant:

40

1 P(g)aro-Fap =

(t=t%)

[I%JKa(SEa)m(é:(tm;).

an

The interpolation and linear filtering of both sides
of this equation gives

IM * *
u(t):{ ejKa(SKa)w(t,Sq,), (18)
which can be written in matrix form after column-

wise sorting the vectors related to the various
instants:

U =(I%JK3(9;)W(9;). (19)

In the absence of any stoichiometric constraint, a
least-squares estimator of the pseudo-stoichiometric
submatrix K, is easily derived from (19). Its value
varies as a function of the kinetic parameters since it
depends on matrix W(3,,):

a

. B St (Iy)
6 5, (mr€e) [ owa
(20)
A~ AT -1
(W)W .
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In the presence of biological information on the
stoichiometry, the estimation of K, for a given

value §¢ of the kinetic parameters can be done by
solving a quadratic optimization problem of order

M? with linear constraints.

The quick assessment approach simply consists
of a possibly constrained, nonlinear optimization
problem, in which the kinetic parameters are
adjusted so as to minimize the following cost
function derived from (19) and (20):

2

j(S(p):Z{U—(?\éJﬁa‘(%:%)W(Swﬂ .21

Vi,V (i.))

This parameter assessment approach is expected
to work faster than classical identification methods,
since it requires no integration of the model to
evaluate the cost function. However, the harmful
effect of measurement noise on the convergence of
the optimization algorithm towards the true
parameter values is not taken into account by this
quick step. It may thus be necessary to reinject the
set of computed estimates to improve the quality of
the initial guess for a more accurate identification
procedure. This results in a lower bias of the
estimates, as well as in a decreased estimation time.

SIMULATION EXAMPLE

The continuous cultivation of microalgae in a
photobioreactor is investigated as a simulation
example to illustrate the performances of the last
stage of our identification procedure. As previously
mentioned, this stage is split up into a quick
parameter assessment, requiring no integration of the
model equations, followed by a more classical,
nonlinear identification of the whole parameter set
devoted to bias reduction. The usefulness of the
quick assessment step is clearly highlighted by the
simulation results.

Macroscopic Model

Plant cells generally behave differently from
animal cells. Indeed, rather than directly depending
on the external substrate concentrations, their growth
rate varies as a function of the concentration of
intracellular  nutrients. The dynamic model
considered in this example was developed by
Lemesle and Mailleret (2008) as a mechanistic

reformulation of the well-known Droop model that
represents the limitation of growth by a single
substrate.

The scheme at the root of this model relies on two
macroscopic reactions. The first one is the absorption
and storage of extracellular substrate S into the algal
cell, while the second one represents the transition
from the pool of the stored nutrients R to the pool
of the metabolized nutrients B, producing along the
way a certain amount of biomass X . For the sake of
ease, capital letters will refer to both the component
and to its concentration. The reaction scheme can be
written as follows:

91(8)

IS—=—1R (substratestorage), 22)

0.5R—28) 50 5B+1X (biomass growth).  (23)

As usual, the reaction rates of the system are
expressed as nonlinear functions of its state
variables. In this model, Monod-like reaction rates
were chosen:

S
15+S

R/X
X and 100) (E_,) = mx (24)

P (E.,)

In the case of a continuous culture of microalgae
with dilution rate D and substrate input

concentration S; , a mass balance applied to the

macroscopic scheme gives the following matrix
system of ordinary differential equations:

SY (-1 0 S S-S,
—X
i R _ 1 -0.5 15+8S "D R (25)
dt| B 0 05 R/X X B [
X 0 1 1+R/X X

which will then be numerically integrated to simulate
laboratory experiments.

Identification Problem

The identification problem focuses on the last
stage of the methodology, i.e., the one that confers
on the model its biological interpretability. More
precisely, it aims at illustrating the advantages of
using a quick assessment of the parameters as an
initial guess for the global, nonlinear optimization.
For this purpose, both stoichiometric and kinetic
parameters are regarded as unknown. In order to
keep the algorithm comparison free from model
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errors, the structure of the reaction rate vector is
assumed to be perfectly known. It is also considered
that an equivalent C-identifiable model of the form
(14) is known in advance, where matrix C is derived
from (11) with known K, and K :

S 1 0
d{R|[ | 0 1 |[Su 9,2
dt| B -1 -1 9% K, 4
X) (=2 =2
(26)
*LX S_Sin
S(P,1+S D R
R/X B
92 +R/X X

In this expression, the optimum stoichiometric
and kinetic parameter vectors are respectively
defined as follows:

27N

In order to generate data for parameter
identification, four experiments are simulated with a

1% dataset
2™ dataset
3™ dataset

4™ dataset

Extracellular substrate S

Stored substrate R

J. Mailier and A. Vande Wouwer

constant dilution rate (D =0.1) and a constant input
concentration (S;, =10), starting from the following
known initial conditions:

2 30
0.75 0.25
1) _ 2y
8(6)=| oo [E)=| o5 |
3 2.6
(28)
10 4

gy =| O Landey=| ' |.
2.6 2.2

1.3 1

Each experiment lasts 20 days and the whole state
vector is measured daily. Measurements are affected by
a zero-mean, Gaussian noise, characterized by a relative
standard deviation of o, =10%. The experimental

datasets are systematically interpolated by cubic
smoothing splines via the csaps function of Matlab,
choosing p =0.15 as the smoothing parameter (Fig. 1).

The experimental data and their interpolation are
then treated by the two-step stage of our
identification procedure without any extra filtering.
In order to make performance comparisons, these
data are also treated with a classical optimization
algorithm that attempts to identify all the unknown
parameters in a single step.

Metabolized substrate B

Time

Biomass X

30 %
™ X
20 ) ¥+ x
+ + - -
10
3
0
0 5 10 15 20
Time

Figure 1: The four noisy experimental datasets (symbols) and their continuous
interpolations (solid lines), together with their originating simulation curves (dotted line)
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Benchmark Statement and Results

Initial guesses of the parameters are randomly
generated at increasing distances from their optimum

value §° through the following formula:

90 =9 (1+A8a), (29)
where o is a standard normally distributed random
vector and A9 is an initial level of uncertainty that
successively takes 1000 increasing values that are
equally-spaced over the range [0,1.5]. Numerical

problems are prevented by simply forcing the
positivity of the initial guesses of the kinetic
parameters.

Since no prior information is available on the
stoichiometry of the system, the stoichiometric
matrix K, is estimated through (20). All the

optimizations are performed with the Nelder-Mead
simplex algorithm implemented in the Matlab
function fiminsearch. This optimizer indeed offers the
advantage of being more robust than classical
gradient-based algorithms with regard to the
presence of local minima in the cost function.

In order to illustrate the performances of our
identification procedure, the distance that separates
the estimates from the true parameter value has been
computed and is represented as histograms in Fig. 2.
For both approaches, i.e., the direct identification of

387

all the parameters and the two-step procedure, the
following relative Euclidian distance is chosen:

(30)

While the estimates resulting from the direct
identification approach are widely distributed over
the range of relative distances, the quick assessment
step visibly has a gathering effect on their
distribution. This highlights the presence of a
strongly-attractive, global minimum in the cost
function (21), which leads to convergence even
from poor initial guesses. The second step of our
procedure then clearly refines the result by removing
the remaining bias from the solution vector. Fig. 3
confirms this explanation by showing the influence
of the initial uncertainty level on the optimality of
the estimates for both approaches.

Since it operates on a restricted set of parameters
and requires no numerical integration of the model
differential equations, the quick assessment step
usually converges within a fraction of a second. This
is extremely fast in comparison with the seconds or
minutes required for other classical optimization
methods to converge. A plot of the computation time
as a function of the initial uncertainty level illustrates
these observations for both identification approaches
(Fig. 4).

1000 F T T T T T
&2 I I Dircct identification of all parameters |
g
2
; 3001 183 identification
-'é failures were observed
z —_
0 T i M L
0 0.5 1 1.5 2 2.5 >3
Euclidian distance to optimum
» 1000 [ ! T T T . T ]
g I Quick assessment step
g [ Refinement step
8
B 500F 1
_a-‘; No identification
=] failure observed
=
Z
0 1 1 1 1 1
0 0.5 1 1.5 2 2.5 >3

Euclidian distance to optimum

Figure 2: Repartition of the relative Euclidian distances between the estimates and
their optimum value, over a set of one thousand identification runs by the direct and

the two-step methods.
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The systematic identification procedure presented
in this paper uses and extends previous research
results to the transformation of C-identifiable
biologically-consistent

reaction

w

J. Mailier and A. Vande Wouwer

.
n
T

~
T

X

Direct identification
Quick assessment
Refinement

Moving average filter

w
W
T

w

[\

—
w

Euclidian distance to optimum
o
W

0.5

Initial level of uncertainty

Figure 3: Evolution of the distance separating the estimates from their optimum value

as a function of the

initial uncertainty level A3 of the parameters, for both

identification approaches. A moving average filter with a 20-sample time window
shows the increasing tendency for the direct approach.

120 T
. Direct identification
X Quick assessment
100 |-
Refinement
Moving average filter
z 80
o
£
2 o}
5
(=9
g
o
© 40
20
OYYY X X 3NN XX XX MM el M X X MM X 3¢ X
0 0.5 1 1.5

Initial level of uncertainty

Figure 4: Evolution of the computation time as a function of the initial uncertainty
level AS of the parameters, for both identification approaches. A moving average filter
with a 20-sample time window shows the increasing tendency for the direct approach.

CONCLUSIONS

schemes into

schemes. A strong point of the new approach lies in
the quick assessment step of the transformation stage
that has a fast computation time because it integrates
no differential equation and operates on only a
limited number of parameters, i.e., the set of the
kinetic parameters. A simulation example of
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continuous culture of microalgae highlights the
robustness of the new procedure with regard to
uncertainties in the initial guess.

Further research is still required, though, to
characterize better the influence of biological
constraints on the convergence of the identification
algorithm. In particular, the choice of an appropriate
structure for the expression of the reaction rates is a
challenging issue that could still improve the
applicability of our methodology.
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NOMENCLATURE

A,B  Dynamic models of bioprocesses
B,B Metabolized substrate (concentration)

C Pseudo-stoichiometric submatrix that is
part of a C-identifiable scheme
C Estimation of matrix C

d(g, 9*) Relative Euclidian distance between
parameter vectors 9 and 9"

D Input dilution rate

F Vector of external feed rates

F,,F,  Subvectors of external feed rates

Iy Identity matrix of size M

J Cost function

K Pseudo-stoichiometric matrix

K,,K;, Pseudo-stoichiometric submatrices

Ka Estimation of the pseudo-stoichiometric
submatrices

K4 Pseudo-stoichiometric matrix of model A

Kz Pseudo-stoichiometric matrix of model B

M Number of macroscopic reactions

M Optimum number of macroscopic reactions

N Number of key-components

Ne¢ Number of experiments

N¢ Number of samples taken during the e
experiment

p Smoothing parameter for Matlab function

P

u(t)

w(t)

M Q

csaps
Matrix of eigenvectors
Set of the products of the k™ reaction

Regular transformation matrix

Intracellular substrate (concentration)
Set of the reactants of the k™ reaction

Extracellular substrate (concentration)
Substrate feed concentration

k™ time instant of the " experiment
Initial time of the ™ experiment

Measured vector interpolated and filtered at
time t

Matrix of measured vectors

Non-measured vector interpolated and
filtered at time t

Matrix of non-measured vectors

Biomass (concentration)

Transformed state vector

Standard normally distributed random
vector

Initial level of uncertainty of the parameter
vector

Parameter vector

Optimum parameter vector

i"™ element of vector 9

Vector of the optimum stoichiometric
parameters

Vector of the parameters related to K,

Vector of the optimum parameters related
to K,

R *
i" element of 9y
a

Initial guess of the parameter vector
Vector of the kinetic parameters

Estimation of the vector of the kinetic
parameters
Vector of the optimum kinetic parameters

i element of 8:;

Pseudo-stoichiometric coefficient of the ™
reaction

State vector composed of the reacting
species concentrations

State subvectors of the reacting species
concentrations

i™ element of the state vector

Relative standard deviation

Diagonal matrix of eigenvalues
Reaction rate vector
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4 Reaction rate vector of model A
0p Reaction rate vector of model B
Qc Reaction rate vector of a C-identifiable
scheme
o k™ element of the reaction rate vector
REFERENCES

Bastin, G. and Dochain, D., On-line Estimation and
Adaptive Control of Bioreactors. Elsevier Science
Ltd, New York (1990).

Bernard, O. and Bastin, G., On the estimation of the
pseudo-stoichiometric matrix for macroscopic
mass balance modelling of biotechnological
processes. Mathematical Biosciences, 193, No. 1,
51 (2005a).

Bernard, O. and Bastin, G., Identification of reaction
networks for bioprocesses: determination of an
incompletely known pseudo-stoichiometric matrix.
Bioprocess and Biosystems Engineering, 27, No. 5,
293 (2005b).

Bogaerts, Ph., Delcoux, J.-L. and Hanus, R., Maximum
likelihood estimation of pseudo-stoichiometry in
macroscopic biological reaction schemes, Chemical

Engineering Science, 58, No. 8, 1545 (2003).

Bogaerts, Ph., Rooman, M., Vastemans, V. and Vande
Wouwer, A., Determination of macroscopic
reaction schemes: towards a unifying view.
Proceedings of the 17" World Congress of IFAC.
Seoul (2008).

Chen, L. and Bastin, G., Structural identifiability of
the yield coefficients in bioprocess models when
the reaction rates are unknown. Mathematical
Biosciences, 132, No. 8, 35 (1996).

Delcoux, J.-L., Hanus, R. and Bogaerts, Ph.,
Equivalence of reaction schemes in bioprocesses
modelling. Proceedings of the 4™ International
Symposium on Mathematical Modelling and
Simulation in Agricultural and Bio-Industries.
Haifa (2001).

Hulhoven, X., Vande Wouwer, A. and Bogaerts, Ph.,
On a systematic procedure for the predetermination
of macroscopic reaction schemes. Bioprocess and
Biosystems Engineering, 27, No. 5, 283 (2005).

Lemesle, V. and Mailleret, L., A mechanistic
investigation of the algae growth "Droop" model.
Acta Biotheoretica, 56, No. 1-2, 57 (2008).

Walter, E. and Pronzato, L., Identification of
parametric models from experimental data.
Springer Verlag, Berlin-Heidelberg (1997).

Brazilian Journal of Chemical Engineering




<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


