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A recently introduced time-domain method for the numerical solution of Maxwell’s equations on unstructured grids is reformulated
in a novel way, with the aim of implementation on graphical processing units (GPUs). Numerical tests show that the GPU
implementation of the resulting scheme yields correct results, while also offering an order of magnitude in speedup and still
preserving all of the main properties of the original finite-difference time-domain algorithm.

Index Terms— Discrete geometric approach (DGA), finite-difference time domain (FDTD), parallel computing, wave propagation.

I. INTRODUCTION

THE extension of Yee’s original finite-difference time-
domain (FDTD) algorithm [1] to unstructured grids is a

topic of intense research in computational electromagnetics.
Unstructured grids, different from the Cartesian grids used
in the original FDTD, allow to easily handle the complex
geometries arising in applications from both experimental
science and industry. However, to be successful, FDTD-like
algorithms on unstructured grids must retain the properties
that make the original algorithm so ubiquitous. One of these
is its uniform and small stencil, which makes the idea of
a numerical time-domain solution of huge-wave propagation
problems on machines with parallel computing capabilities
very appealing. In practice, the algorithm has thus seen its
performance bottleneck getting more and more linked to the
memory bandwidth of the underlying hardware architecture.
For this reason, the focus of FDTD code developers has
recently shifted from multicore CPUs to graphical processing
units (GPUs) [3], [4], which provide typically an order of
magnitude of more bandwidth than high-performance CPUs
for the price of a medium budget laptop.

On unstructured grids, a parallel implementation using a
cluster of GPUs has been presented in [5] based on the
time-domain application of the discontinuous Galerkin (DG)
finite-element method. However, DG formulations exhibit
spurious-mode solutions due to violation of charge (and pos-
sibly energy) conservation [6].

In this paper, we will use the approach of [7], based
on the discrete geometric approach (DGA), which yields
a conditionally stable, explicit, and consistent scheme on
tetrahedral grids. Furthermore, the algorithm, to which we will
refer to as the DGA time domain (DGATD) in the following
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text, is stencil-based as the original FDTD. The accuracy and
performance of this approach on single-core CPU architectures
have already been studied in [8]. The aim of this paper is
instead to present a reformulation of this approach, which also
exhibits the same promise for exploiting hardware paralleliza-
tion as the original FDTD method.

This paper is organized as follows. In Section II, the space
and time discretization approach is outlined in detail.
In Section III, a brief stability analysis for the resulting
numerical scheme is given. In Section IV, the correctness
of the implementation is assessed on a test case with a
known analytical solution. In Section V, implementation- and
performance-related details within the NVIDIA® Compute
Unified Device Architecture (CUDA) programming model are
given. Finally, in Section VI, some conclusions are drawn.

II. FRACTIONED GRID FORMULATION

We wish to solve the initial value problem for Maxwell’s
equations

μ
∂h
∂ t

= −∇ × e (1)

ε
∂e
∂ t

= ∇ × h (2)

in a bounded region � ⊂ R
3, in which we assume no con-

ductive losses. In the framework of the DGA, electromagnetic
quantities are discretized into degrees of freedom (DoFs) by
their integrals over geometric elements of two dual grids:
a primal tetrahedral mesh G and a polyhedral dual mesh (dual
complex) G̃ obtained by barycentric subdivision of G. In the
DGA, discrete differential operators are encoded by the inci-
dence matrices between geometric elements in each mesh:
in (1), the flux of the curl of e through any triangle of
G is equal to the (oriented) sum of the circulations of e over
the edges in its boundary; similarly in (2), the flux of the curl
of h through any face of G̃ is equal to the (oriented) sum
of the circulations of h over the dual edges in its boundary.
A remarkable consequence is that for Maxwell’s equations
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Fig. 1. Hexahedron �r is the element on which the basis functions are
defined.

written in integral form, the curl operator discretization is
exact.

Let us take any disjoint intersection �r between a tetrahe-
dron τn of G and a dual volume τ̃v of G centered in any of
the four vertices v of τn (see Fig. 1). By construction, �r is
always a hexahedron. Furthermore, τn is the union of four
disjoint hexahedra, while τ̃v is the union of a variable number
of disjoint hexahedra (equal to the number of tetrahedra in
which v is a vertex). We will define fractioned DoFs in each
�r as

f̂r =
⎛
⎝

h · ã1
r

h · ã2
r

h · ã3
r

⎞
⎠, ûr =

⎛
⎝

e · a1
r

e · a2
r

e · a3
r

⎞
⎠

where ã1
r , ã2

r , and ã3
r are the tangent vectors of the portions

of the three edges of τ̃v in the boundary of �r (as oriented
in Fig. 1) and a1

r , a2
r , and a3

r are the tangent vectors of
the portions of the three edges of τn in the boundary of
�r (as oriented in Fig. 1). These DoFs are the main difference
with respect to [7] and will lead to a different, although
equivalent, structure in the resulting algorithm. Furthermore,
we define a local face-edge incidence matrix in �r

Cr =
⎡
⎣

0 −1 1
1 0 −1

−1 1 0

⎤
⎦

and two distinct sets of uniform valued basis functions
w̃i

r (r) and wi
r (r), with i = 1, 2, 3, which have compact support

and can be written as

w̃i
r (r) = ã j

r × ãk
r

ãi
r × ã j

r · ãk
r

(3)

wi
r (r) = a j

r × ak
r

ai
r × a j

r · ak
r

(4)

in which i , j , and k are any permutation of 1, 2, and 3. Finally,
we define two local mass matrices, whose element at the
i th row and j th column is

Mμ
r (i, j) =

∫
�r

w̃i
r (r) · μ(r)w̃ j

r (r)dr

Mε
r (i, j) =

∫
�r

wi
r (r) · ε(r)w j

r (r)dr.

Since Mμ
r and Mε

r are 3 × 3 symmetric, positive-definite
matrices, we are easily tempted to discretize (1) and (2) in

Fig. 2. Procedure of assembling local mass matrices: detail of two adjacent
tetrahedra.

each �r . To impose continuity of tangential field components
as in the original FDTD, we proceed thinking in global
variables terms: the set of unknowns of the discrete problem
comprises the set û, that is, the circulations of e over each
half of each edge of G without repetitions, and the set f̂ , that
is, the circulations of h over each half of each edge of G̃, again
without repetitions (we split a full dual edge at the barycenter
of the triangle it crosses). To obtain a consistent discretization
of (1), we have to glue together the contributions of the four
�r -like hexahedra in τn . Take, for example, the simple case
of Fig. 2 in which G is just two tetrahedra: the yellow and
the red hexahedra are in the same tetrahedron, so their local
Mμ

r can be assembled to contribute to the local mass matrix of
a full tetrahedron. If we do likewise for the other two �r -like
hexahedra in the same tetrahedron, we get

Mμ
τn

f̂
n+ 1

2
τn − f̂

n− 1
2

τn

�t
= −Cτn ûn

where Mμ
τn is a 4 × 4 matrix, and f̂τn is a column vector

of size 4. Matrix Cτn is a (very sparse) superposition of
the appropriate Cr matrices, and again can be constructed
efficiently.

Referring again to Fig. 2, the yellow and the blue hexa-
hedra are instead in two different tetrahedra; therefore, they
contribute to separate Mμ

τn . Yet, these two hexahedra share a
vertex v of G, so they will contribute the a local mass matrix
Mε

τ̃v
, associated with the volume of G̃ centered in v. Then,

to obtain a consistent discretization of (2), we glue together
the contributions of all the �r -like hexahedra in a dual τ̃v

Mε
τ̃v

ûn+1
τ̃v

− ûn
τ̃v

�t
= C̃τ̃v

f̂ n+ 1
2

where Mε
τ̃v

is a d̃ × d̃ matrix, ûτ̃v is a column vector of

size d̃ , where d̃ is the number of edges of G, which contain v,
and |v| is the number of tetrahedra of G, which contain v.
Matrix C̃τ̃v is a (very sparse) superposition of the appropriate
set of CT

r matrices and can be constructed efficiently. We note
the remarkable fact that, by requiring tangential continuity of
e and h and exploting the properties of (3) and (4), matri-
ces Mμ

τn and Mε
τ̃v

are locally and globally exactly divergence-
preserving matrices for piecewise-constant fields e = eτ̃v

and h = hτn . (See [7] for the proof.) Furthermore, they
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are symmetric positive-definite, small, and sparse and can be
inverted locally, yielding

f̂
n+ 1

2
τn = f̂

n− 1
2

τn − �t
(
Mμ

τn

)−1Cτn ûn ∀τn ∈ G (5)

ûn+1
τ̃v

= ûn
τ̃v

+ �t
(
Mε

τ̃v

)−1C̃τ̃v f̂ n+ 1
2 ∀τ̃v ∈ G̃ (6)

which is a valid, explicit, time-marching scheme. We remark
that the local curl matrices Cτn and C̃τ̃v are very sparse and
their product with global field vectors can be performed in
parallel. We will refer to (5) and (6) as the fractioned DGATD
method in the rest of this paper. We remark that (5) and (6) are
a reformulation of the scheme of [7], and that the two yield
exactly the same solution up to machine precision.

III. STABILITY ANALYSIS

The fractioned DGATD is conditionally stable due to the
properties of its mass matrices [7]. Simulations with more than
300 000 time steps do not show any late time instabilities,
as also the test case of Section IV will show. If we pack
the system of equations in (5) and (6) by appending all of the

local mass matrices into global block-diagonal, matrices Mμ−1

τ

and Mε−1

τ̃ , by appending all the local curl matrices and by
appending all of the field unknowns in column vector format,
the scheme reads

f̂ n+ 1
2 = f̂ n− 1

2 − �tMμ−1

τ Cτ û n (7)

û n+1 = û n + �tMε−1

τ̃ C̃τ̃ f̂ n+ 1
2 (8)

where we have dropped the subscripts on τ and τ̃ to stress
that the constitutive matrices are not restricted any more to
a particular primal or dual volume, respectively. Likewise,
Cτ and C̃τ̃ are obtained by appending all Cτn and Cτ̃v ,
respectively. Equation (8) can be rewritten as

û n+1 = 2û n − û n−1 + �tMε−1

τ̃ C̃τ̃

(
f̂ n+ 1

2 − f̂ n− 1
2
)

from which, using (7), it ensues

û n+1 = (
2I − �t2Mε−1

τ̃ C̃τ̃ Mμ−1

τ Cτ

)
û n − û n−1.

The timestepping structure is thus shown to be equivalent to
the one proposed on standard finite elements in [9]. For a
given grid, the fractioned DGATD scheme is stable provided
that �t < 2/

√
ρK, where ρK is the spectral radius of the

matrix K = Mε−1

τ̃ C̃τ̃ Mμ−1

τ Cτ . This means that the maximum-
allowed �t can be efficiently estimated using algorithms based
on the power iteration method.

IV. CORRECTNESS ANALYSIS

The proposed formulation was tested on a problem with a
known analytical solution inspired from [10]. We tested the
algorithm on a cylindrical resonator (height h = 0.5 m and
radius r = 1 m) filled with air. The resonator is excited via
external coupling with a broad Gaussian pulse. Thus, we wish
to solve an eigenvalue problem in the time domain, since it is
known that the resonant frequencies are given by

fmnp = c

2π
√

μrεr

√(χmn

r

)2 +
( pπ

h

)2

Fig. 3. Result of the FFT on the computed electric field in the cylindrical
resonator. The resonances match the theoretically predicted frequency values.

Fig. 4. Zoomed-in frequency. The theoretically predicted peak at 245.06 MHz
is below the noise floor if the simulation is too short.

where χmn is the mth zero of the nth cylindrical Bessel
function, p is a non-negative integer, and c is the speed of light
in vacuum. We can retrieve spectral behavior (Figs. 3 and 4)
for an arbitrarily large frequency interval after a single time-
domain simulation by computing the FFT on the interpolated e
in one element of G. We know from the analysis that we should
see spectral peaks in Fig. 3 at frequencies f1 = 114.75 MHz,
f2 = 182.84 MHz, f3 = 245.06 MHz, and f4 = 263.38 MHz.
The peaks at f1, f2, and f4 are visible in Fig. 3. The
peak at f3 seems to be missing, but is actually retrieved by
zooming in on the range between 240 and 270 MHz (see
Fig. 4). We remark that to resolve the peak at f3 from the
nearest peak, a rather high sampling frequency is needed, even
after applying Hamming windowing on the input waveform.
This constraint translates into a longer simulation (a further
motivation for exploiting parallelism).

V. PERFORMANCE ANALYSIS

The method was implemented in C++. For the single-core
CPU version, we used the original DGATD of [7], running
on a Xeon E5-2687Wv4 processor with Eigen 3.3.1 for linear
algebra operations. The CUDA C++ code was tested on a
TESLA C2075 accelerator. Two reasonable approaches are
possible in implementing the algorithm on the GPU. The
first, more abstract approach, is to still use the original
formulation of [7], which features huge sparse matrix vector
multiplications as its only conspicuous floating-point opera-
tion, and adapt it to use the cuSparse library provided by
NVIDIA®, which provides a sparse matrix vector multiplica-
tion (SpMV) function. On the test case described in Section IV,
somewhat surprisingly, this rather naive GPU implementation
already provides an order of magnitude of speedup with
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Fig. 5. Average computational cost of a single time step versus the number
of DoFs of the problem. The x-axis is in linear scale and the y-axis is in
logarithmic scale.

Fig. 6. Average computational cost of a single execution of the kernel for
Faraday’s law versus the number of DoFs of the problem. Both axes are in
linear scale.

TABLE I

SPEEDUPS

respect to the CPU-based one, as shown in Table I. However,
SpMV produces memory-access patterns that are not optimal
on GPUs [11]. This detail was actually the motivation for
the reformulation of the algorithm presented in Section II,
in which we try to exploit the block-diagonal structure of
the mass matrices to improve performance. The key insight
is the following: high-latency access to the global memory of
the GPU is optimized if consecutive threads access consecutive
locations of global memory. By looking at the right-hand side
of (5), we are presented with a set of local 4 × 6 matrices,
which can be stored using column-major ordering. This allows
adjacent matrix values to be loaded in shared memory by
adjacent threads, obtaining full memory coalescing. Local
matrix vector products are then computed using one thread
per row.

Experiments on our accelerator, which provide a mem-
ory bandwidth of roughly 102 GB/s, show that a matrix
multiplication kernel based on this insight reaches a sus-
tained rate of 98 GB/s. The global speedup achieved with
this implementation is shown again in Table I. Unfortunately,

the same approach does not perform equally well in (6),
as the variable size of the local mass matrix makes the
logic to be added trickier and heavier. For the aims of this
paper, we decided to settle for an implementation exploiting
a specific kernel only for (5), relying on cuSparse for the
remaining computations. In Fig. 5, we show the average
single time-step computational time versus the number of
unknowns of the problem for two different meshes. In Fig. 6,
we show the speedup achieved by using the fractioned grid
formulation in (5), with respect to the original formulation
of [7]. We remark that the fact that there is a speedup is
nontrivial, since by using the fractioned DGATD formulation,
we are somewhat increasing the number of DoFs in the
problem.

VI. CONCLUSION

We presented a reformulation of the DGATD algorithm on
tetrahedral grids. The formulation is amenable to paralleliza-
tion on a GPU, achieving an order of magnitude of speedup.
We are currently investigating improved data layouts to further
increase performance; those improvements will be the subject
of a subsequent work.

ACKNOWLEDGMENT

This work was supported by the Strategic Plan of the
Polytechnic Department of Engineering and Architecture, Uni-
versity of Udine.

REFERENCES

[1] K. S. Yee, “Numerical solution of initial boundary value prob-
lems involving Maxwell’s equations in isotropic media,” IEEE Trans.
Antennas Propag., vol. AP-14, no. 3, pp. 302–307, May 1966.

[2] A. Taflove and S. C. Hagness, Computational Electrodynamics:
The Finite-Difference Time-Domain Method, 2nd ed. Boston, MA, USA:
Artech House, 2000.

[3] P. Sypek, A. Dziekonski, and M. Mrozowski, “How to render FDTD
computations more effective using a graphics accelerator,” IEEE Trans.
Magn., vol. 45, no. 3, pp. 1324–1327, Mar. 2009.

[4] D. De Donno, A. Esposito, L. Tarricone, and L. Catarinucci, “Intro-
duction to GPU computing and CUDA programming: A case study on
FDTD [EM programmer’s notebook],” IEEE Antennas Propag. Mag.,
vol. 52, no. 3, pp. 116–122, Jun. 2010.

[5] N. Goedel, N. Gunn, T. Warburton, and M. Clemens, “Scalability
of higher-order discontinuous Galerkin FEM computations for solving
electromagnetic wave propagation problems on GPU clusters,” IEEE
Trans. Magn., vol. 46, no. 8, pp. 3469–3472, Aug. 2010.

[6] E. Gjonai, T. Lau, and T. Weiland, “Conservation properties of the
discontinuous Galerkin method for Maxwell equations,” in Proc. Int.
Conf. Electromagn. Adv. Appl., Turin, Italy, Sep. 2007, pp. 356–359.

[7] L. Codecasa and M. Politi, “Explicit, consistent, and conditionally stable
extension of FD-TD to tetrahedral grids by FIT,” IEEE Trans. Magn.,
vol. 44, no. 6, pp. 1258–1261, Jun. 2008.

[8] B. Kapidani, L. Codecasa, M. Cicuttin, R. Specogna, and F. Trevisan,
“A comparative performance analysis of time-domain formulations for
wave propagation problems,” in Proc. IEEE Conf. Electromagn. Field
Comput., Miami, FL, USA, Nov. 2016, p. 1.

[9] J.-M. Jin, The Finite Element Method in Electromagnetics, 2nd ed.
Hoboken, NJ, USA: Wiley, 2002.

[10] M. Cinalli and A. Schiavoni, “A stable and consistent generalization of
the FDTD technique to nonorthogonal unstructured grids,” IEEE Trans.
Antennas Propag., vol. 54, no. 5, pp. 1503–1512, May 2006.

[11] N. Bell and M. Garland, “Efficient sparse matrix-vector multi-
plication on CUDA,” NVIDIA, Santa Clara, CA, USA, Tech.
Rep. NVR-2008-004, Dec. 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /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 true
  /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 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /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 (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 "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


