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Abstract

In this study we develop a numerical method for evaluation
of hypersingular surface integrals, which arise in the solution
of electric field integral equation (EFIE) via Nystrom
method. Due to the divergent contribution of an infinitesimal
area around the singular point, hypersingular integrals are
told to be numerically intractable and analytical methods are
employed for evaluation of these integrals. In this study we
interpret hypersingular integrals as the second order
derivative of weakly singular integrals, which can be
efficiently evaluated using quadrature rules. By evaluating
the derivative of weakly singular integrals numerically, we
have shown that hypersingular integrals can accurately be
evaluated using the proposed method. We have solved a
scattering problem via Nystrom method to confirm the
validity of the method.

1. Introduction

Electric field integral equation (EFIE) set up an equation
which relates the electric field to the unknown current density
by using the boundary conditions on the surface or within
volume. The main advantage of the method over differential
equation methods is that, it only discretizes the domain where
sources exist and thereby require lesser number of unknowns
[1]. On the other hand, the integrals to be evaluated are singular
and complex source-field relations should be evaluated
accurately to obtain satisfactory results for the corresponding
problem.

A popular method to solve EFIE is the method of moments
(MoM) procedure. The method introduces a set of basis
functions for the unknown current density and tries to find the
coefficients of the basis functions by minimizing projection of
error to the space spanned by some testing functions. The basis
and testing function are generally selected as divergence
conforming which help to reduce the order of singularity of the
integral to be evaluated. On the other hand in the locally
corrected Nystrom (LCN) method, which is introduced in [2, 3]
as an alternative to conventional MoM procedure, the integrals
are replaced by quadrature rules for faster precompuation and
memory reduction. The unknowns in LCN method are samples
of current at selected quadrature nodes and therefore no basis
and testing functions are used for the unknown current density.
In the absence of the divergence conforming basis and testing
functions the singular kernel of EFIE should be evaluated
directly without reducing the order of singularity. The kernel of

EFIE possesses 1/ R terms and 1/ R’ terms. The former terms
result from the integral of free space Green’s function and the
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latter terms result from the double gradient of free space Green’s
function. Using the convention of boundary element method we

call the surface integral of 1/R terms as weakly singular

integrals and the surface integral of 1/R’ as hypersingular
integrals.

The literature for evaluation of weakly singular is diverse and
a list of references for analytical or numerical methods can be
found in [4]. However the literature addressing evaluation of
hypersingular integrals is relatively narrow and few studies
introduce methods for these integrals to be wused in
electromagnetic scattering problems. A Cauchy principal value
like approach in the limiting sense is used in [5] and a similar
approach along with Stoke’s theorem is used in [6] to obtain
simpler formulas. Hypersingular surface integrals are converted
to regular line integrals on curvilinear patches in [7] but explicit
formulas are not introduced. Evaluation of hypersingular
integrals on non-planar surfaces is introduced in [8], where
Hadamard finite part interpretation is used to eliminate
divergent terms. Apart from the above mentioned analytical
methods in electromagnetics literature, also numerical methods
are developed in mathematical literature [9-11] for evaluation of
hypersingular integrals. In the present discussion we interpret
hypersingular integrals as the second order derivative of the
weakly singular integrals. Unlike the existing numerical

methods, in which the singularity of kernel is of 1/R> type,
efficient and machine precision methods can be exploited to
evaluate weakly singular integrals whose singularity is of 1/ R
type. In this study we utilized double exponential formulas
introduced by [12] to evaluate weakly singular integrals
numerically. It has been shown in [4] that use of double
exponential formulas for numerical integration is far more
accurate when compared to the use of Gauss-Legendre
quadrature rules. Here we have shown that second order
derivative of weakly singular integrals represent hypersingular
integrals. Therefore numerical derivation of weakly singular
integrals can achieve high accuracy despite the accuracy
degradation due to numerical derivation. The method is
validated by evaluation of some hypersingular integrals
numerically and comparing the result with those obtained using
analytical methods. Moreover we have solved a TE” scattering
problem from a perfect electrically conducting (PEC) cylinder
and showed that the result is consistent with analytical results.

2. Formulation

In this study we deal with evaluation of the hypersingular
integral,
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where S’ is the flat surface over which the integral is to be
evaluated, unprimed variables are given in observation
coordinates, primed variables are in source coordinates and the

dade, (1)
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superscript ' /' denotes that the integral is hypersingular.
It should be noted that the integral in (1) is a dyadic with
four terms. Each term is represented by / i and is given by,
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The first derivative in (2) is deliberately kept out of the
integral sign and it can be taken under the integral sign only if
the integral can be interpreted as a finite part integral. However
the derivative under the integral sign can be converted to a
derivative  in  observation  coordinates by  using

0/0x; =—0/0x; and then can be taken outside the integral

sign so that we can rewrite (2) as,

6 8 -1 [

P : =dvide,  (3)
% 0% 5 (o, —xt ) +(x,

[Z;(XI’XZ):

1

The implication of (3) is that we can first evaluate the weakly
singular integral and then apply numerical derivation to obtain
the result for the hypersingular integral. Thus to evaluate the
hypersingular integral, we start with numerical evaluation of the
weakly singular integral,

1" (50,)=] L
5 o =)+, -x1)

Then we use second order central finite difference to obtain
the elements of the dyadic given in (2). These elements are
given as,
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The error in evaluation of hypersingular singular integrals in
(5) is due to three main sources. First the weakly singular
integral in (4) is evaluated numerically and this introduces an
error which depends on the type of the quadrature rules used as
well as the number of quadrature nodes employed. Secondly, the
centered difference formula for second order derivative is only
second order accurate and introduces an error with order

0(82 ) This is referred to truncation error, which is minimized

295

by selecting ¢ arbitrarily small. A third source of error is
rounding error which is also introduced by numerical derivation.
The nominators in (5) can at most be evaluated to machine
precision and the result is rounded at a specified digit. The error

due to rounding is amplified by dividing the result to &, since
¢ 1is selected as a small number to avoid truncation error.

In this study we selected the integration domain as a flat
quadrilateral patch, which is a common meshing element in
numerical simulations. The vertex points of the quarilateral are
at  wee (xll.,le.) for i=1,2,4 and the observation point is at

(XIO’XZO ) This is plotted in Fig. 1. The surface is divided into

four subtriangles sharing their common vertex at the singular
point. It should be noted that the method is valid to any type of
flat surface which can be represented as a collection of
subtriangles.

(x5, %53)

(x15,%)

(X1, %5,)

Fig. 1. The triangular patch over which the weakly singular
integral is evaluated

In order to evaluate all the hypersingular integrals in (5) the
weakly singular integral is evaluated at nine different points
within the vicinity of the singular point. To evaluate the weakly
singular integral we utilized the generalized cartesian product
rule based on double exponential formula, which is shown to
yield very accurate results for weakly singular integrals in [4].
The rule approximation of the quadrature rule is given by,

if(”)du = hkénf(”k )Wk (6)

where the product n/ is kept constant, u, are the nodes of

the quadrature rule and w, are the corresponding weights. The
nodes are given by,

u, = tanh[% sinh(hk)] k=[-nn] )

and the weights w, are given by,

W, {% cosh(hk)}/cosh{% sinh(hk)j Jk=[-nn]  ®

The advantage of using the quadrature rule based on the
double exponential (DE) formula over other quadrature rules is
that the rule places most of the nodes close to the endpoints and
therefore it is effective for integrals having endpoint
singularities.



3. Numerical Results

In order to show the validity of the formulas in (5), we
evaluated the hypersingular integrals on a square patch with
sidelength of 1 and whose center point is located at (0.5,0.5) .
The observation point is selected at an arbitrary point within the
triangle and is located at (0.3,0.44), First, we evaluated the
weakly singular integral in (4) by the quadrature rule employing
double exponential formula and compared the result with
analytical result obtained using Duffy transform [13]. In
application of the rule we selected the product nh =3, to avoid
numerical underflow and overflow [4]. We have also used
Gauss-Legendre quadrature rules to evaluate the same integral to
allow comparison. The error of the quadrature rules, as a
function of number of nodes, is plotted in Fig. 2.
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Fig. 2. Number of Nodes versus Error for quadrature rules,
Double exponential formulation and Gauss-Legendre

It can be observed from Fig. 2 that quadrature rules
employing double exponential formula give more accurate
results for high number of quadrature nodes, when compared to
Gauss-Legendre quadrature rules. Moreover the lower limit for

DE formulation is around 10™'> which is obtained using about
127 quadrature nodes.

Next we evaluated the hypersingular integrals over the same
patch using (5) and evaluated the error by comparing the
numerical results with analytical results, which are obtained
using [8]. We have presented the numerically and analytically
obtained values in Table 1. Also we plotted the error as a
function of ¢ in Fig. 3. Here we employed 127 point
quadrature nodes based on DE formulation to evaluate weakly
singular integrals.

Table 1. Results obtained for hypersingular integrals evaluated
with 127 quadrature nodes with &£ =107"

This Study (Numerical) | Reference [8] (Analytical)
=1, 7.345024958 7.345024270
-1, 0.2097641838 0.2097641264
-1, 5.442148228 5.442146051
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From Fig. 3 it can be deduced that there is an optimum value
for epsilon for which the best accuracy is obtained. Below this
value rounding error dominates the total error and above this
value truncation error is dominant.

Error of Hypersingular Integrals versus Epsilon
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Fig. 3. The Accuracy of the Numerical Results of (5) as a
function of epsilon

As the second numerical example we consider a TM”
scattering from a perfect electrically conducting (PEC) circular
cylinder. The length of the cylinder is sufficiently long such that
we can use Mie series solution as the analytical solution. The
excitation is a plane wave with E; =120z eXp( jkox) which
is propagating in —x direction. The radius ‘ a’ of cylinder is
selected such that we have ka =3 . The circumference of the
cylinder is represented with 100 meshes and locally corrected
Nystrom method under one point quadrature rule is used to
evaluate induced current on the cylinder. The current as a
function of the angle around the cylinder is plotted in Fig. 4. It
is observed from the figure that the numerical results are
coherent with the analytical results obtained using the Mie series
solution.

Current Induced on Cylinder versus Angle

2.5

=B~ Nystrém Method
— Mie Series

Current Induced on Cylinder (A)

0 0.5 1 1.5 2 2.5 3
Angle (radians)

Fig. 4. Current induced on the cylinder for the TM” problem



4. Conclusions

In this study we propose a new method for evaluation of
hypersingular surface integrals. The method relies on the second
order numerical derivative of the weakly singular surface
integral. The weakly singular integral is evaluated using a
quadrature rule based on the DE formula and numerical results
have shown that this quadrature rule is far more accurate for
weakly singular integral as compared to conventional quadrature
rules such as Gauss-Legendre.

In order to evaluate the hypersingular integral second order
derivative of the weakly singular integral is approximated by
central difference equations. By numerical results it has been
shown that both rounding error and truncation error degrade the
accuracy for the results of hypersingular integrals.

Finally the locally corrected Nystrom method is applied for
the solution of a TM? scattering problem from a PEC circular
solution. In evaluating the self cell contribution, we have used
the formulas in (5) and evaluated the current induced on the
cylinder. Numerical results appear to be consistent with
analytical results.

The new procedure is also applicable to curvilinear surface
elements and we expect that this method will improve the error
controlling capacity of Nystrom method as well. The application
of the method to non-planar surfaces is considered as a future
study.

5. References

[1] C. Balanis, "Advanced Engineering Electromagnetics",
John Wiley&Sons, New York, US, 1989.

[2] L. F. Canino, J. J. Ottusch, M. A. Stalzer, J. L. Visher, S. M.
Wandzura "Numerical Solution of the Helmholtz Equation
in 2D and 3D Using a High-Order Nystrom Discretization ",
J. Comp. Physics, vol. 146, pp. 627-663, 1998

[3] S. Kapur, D. E. Long "High Order Nystrom Schemes for
Efficient 3D Capacitance Extraction", in [EEE Antennas
and Propagation International Symposium, Montreal, CA,
1997, pp. 1814-1817.

[4] A. G. Polimeridis, J. R. Mosig "Evaluation of Weakly
Singular Integrals Via Generalized Cartesian Product Rules
Based on the Double Exponential Formula ", IEEE Trans.
Ant. Propag., vol. 58, no. 6, pp. 1980-1998, June, 2010

[5] M. S. Tong, W. C. Chew, “Super-Hyper Singularity
Treatment for Solving 3D Electric Field Integral
Equations”, Micr.. and Opt. Tech. Lett., vol. 49, No.6, June
2007.

[6] M. S. Tong, W. C. Chew, “A Novel Approach for
Evaluating Hypersingular and Strongly Singular Surface
Integrals in Electromagnetics”, I[EEE Trans. on Antennas
Propag. , vol. 58, no. 11, Nov 2010

[7] J. C. Chao, Y. J. Liu, F. J. Rizzo, P.A. Martin, L. Udpa,
“Regularized Integral Equations and Curvilinear Boundary
Elements for Electromagnetic Wave Scattering in Three
Dimensions”, IEEE Trans. on Antennas and Propag., vol.
43, No. 12, Dec., 1995.

[8] G. Selcuk, S. S. Koc “Evaluation of Hypersingular Integrals
on Non-planar Surfaces”, in IEEE Conference on
Numerical Electromagnetic Modeling and Optimization for
RF, Microwave and Terrahertz Applications, Pavia, IT,
2014, pp. 1-4.

297

[9] E. Venturino, "On the Numerical Calculation of Hadamard
Finite Part Integrals", Le Mathematishe, vol. 15, no. 2, pp.
277-29, 1998.

[10] G. Monegato, "Numerical Evaluation of Hypersingular
Intagrals", Jour.of Comp. and Appl. Math., vol. 70, pp. 9-
1994.

[11]1D. F. Paget, "The numerical Calculation of Hadamard-
Finite Part Integrals", Num. Math., vol. 36, pp. 447-453,
1981.

[12]H. Takashi, M. Mori "Double Exponential Formulas for
Numerical Integration", Publ. RIMS.,Kyoto Univ. no 9, pp.
721-741, 1974.

[13]M. G. Duffy "Quadrature Over a Pyramid or Cube of
Integrands with a Singularity at a Vertex", Publ. SIAM J.
Numer. Anal, vol 19, pp. 1260-1262, 1982.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


