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Abstract: An Artificial Neural Network (ANN) with Reversible Jump Markov 
Chain Monte Carlo (RJMCMC) simulation was used to predict the grain size of 
hot strip low carbon steels, as a function of steel composition. The results show 
good agreement with experimental data taken from the Mobarakeh Steel Com-
pany (MSC). The developed model is capable of recognizing the role and im-
portance of elements in grain refinement. Furthermore, the effects of these ele-
ments, including manganese, silicon and vanadium, were investigated in the 
present study, which were in good agreement with the literature. 
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INTRODUCTION 

Grain size is an important aspect of microstructure with respect to me-
chanical properties of steels. The ferrite in low carbon steels is typically 
strengthened by grain refinement, precipitation hardening, and, to a lesser extent, 
solid-solution strengthening. Grain refinement is the most desirable strengthening 
mechanism because it improves not only strength but also toughness.1 According 
to Equation (1), indicating the Hall–Petch Relation, fine grain sizes produce 
higher yield strengths, (σyield):2 

 1/2
yield init y αk dσ σ −= +  (1) 

where σinit is the yield strength for a polycrystalline material, ky is a constant and 
dα is a measure of the ferrite grain size. Grain size also has an effect on the 
ultimate tensile strength by changing the work-hardening rate. Work-hardening 
occurs within the grains during plastic deformation according to Morrison:3 

                                                                                                                    

* Corresponding author. E-mail: botlani@iauln.ac.ir 
doi: 10.2298/JSC111115011B 

_____________________________________________________________________________________________________________________

2012 Copyright (CC) SCS

Available online at www.shd.org.rs/JSCS/



938 BOTLANI-ESFAHANI and TOROGHINEJAD 

 1/2
α5 / (10 )n d −= +  (2) 

where n is work-hardening exponent and dα is the grain size.  
The main purpose of hot stripping is to refine the microstructure of steels, 

thereby enhancing both strength and toughness.4 Ferrite mainly nucleates at the 
austenite grain boundaries and thus finer austenite grains results in finer ferrite 
grains. Further ferrite refinement could be achieved by transformation from 
deformed austenite grains because deformation increases the ferrite nucleation 
rate.2 

Precise prediction of grain size and properties of hot stripped steel products 
depends on the thermo-mechanical behavior of the steel, microstructure evolution 
and phase transformation during hot rolling stages and the cooling period. These 
are complicated metallurgical phenomena and strongly depend on chemical 
composition, therefore development of a physical model to analysis these para-
meters and predict the final grain size is cumbersome. In addition, the accuracies 
of the hitherto developed models are somehow questionable and not suitable for 
practical purposes. On the other hand, estimating the final grain size of low 
carbon steel strips in terms of chemical composition is desirable from an engi-
neering viewpoint. In the present work, by selecting more relevant inputs and 
using a hybrid Bayesian Artificial Neural Network (ANN) Model assisted with 
the Reversible Jump Markov Chain Monte Carlo (RJMCMC) Method, the final 
grain size in low carbon steel strips was predicted. 

METHODS 

Artificial Neural Network (ANN) 

An artificial neural network model maps sets of input data onto a set of appropriate out-
put data. It is a modification of the standard linear perceptron in that, it uses three or more 
layers of neurons with nonlinear activation functions. This makes it more powerful than the 
perceptron, and can distinguish data that is not linearly separable.5 The basic ANN Model 
with k outputs is: 

 
( , )kf X W = 

0kw  +
0

1 1

tanh( )
m d

kj j ji i
j i

w w w x
= =

+   (3) 

where X is a d-dimensional input vector, W denotes the weights, and the indices i and j cor-
respond to the input and hidden units, respectively.6 The schematic architecture of an ANN 
Model is sketched in Fig. 1. 

Traditionally, the complexity of an ANN is controlled with early stopping, whereby part 
of the data is used to train the network and the other part is used to control the complexity of 
the model. 

Bayesian learning for an ANN 

Early stopping is inefficient because the effective complexity may be much less than the 
number of parameters in the model. Within the Bayesian framework, the weights of the net-
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work are considered as random variables and the posterior distribution of the weights updated 
according to the Bayes’ Rule:7 

 Likelihood×Prior
Posterior=

Evidence
 (4) 

This equation in terms of Artificial Neural Networks is: 

 
( ) ( )

( ) ( ) ( )
( )

p D p
p D L D p

p D

θ θ
θ θ θ= ∝  (5) 

where p(θ) is the prior distribution for the model parameters θ, D = {(x(1),y(1)),…,(x(n),y(n))} is 
the observed data and L(θ|D) is the likelihood function that gives the probability of the 
observed data as a function of the unknown model parameters.6 

 
Fig. 1. Schematic structure of the ANN Model. 

Reversible Jump Markov Chain Monte Carlo Method 

Neal introduced an implementation of Bayesian learning for an ANN in which difficult 
integrations accompanied within this framework were performed using the Markov Chain 
Monte Carlo (MCMC) Method. In this application, samples (in model parameters space) are 
generated using the Markov Chain Monte Carlo Method to estimate the desired posterior dis-
tributions.6 

In practical problems, as in the present study, it is usual to measure many variables, but it 
is not necessarily known which one of them is relevant and is required to solve the problem. 
To make the model more explainable or to reduce the measurement cost and computation 
time, it may be useful to select a model with a smaller set of input variables.6 Consequently, 
the RJMCMC method is applied for this modeling. This algorithm allows jumps between 
models with different dimensional parameter spaces with respect to the number of inputs 
chosen in the model. The RJMCMC visits the models according to their posterior probability, 
which allows it to be used for model selection.8 
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Modeling database 

Since an ANN Model is empirical, its performance depends on the dataset used for train-
ing. In this research, the data was taken from the Mobarakeh Steel Company (MSC) and con-
sisted of 624 metallographic images. At this company, these images were classified into three 
groups according to ASTM (E-112), a standard that assigns larger numbers to finer grain 
structures. An example of such a database is shown in Fig. 2. Further information is also given 
in Table. I. The input parameters are chemical composition of the strips, which includes 14 
elements. Additional input variables are given in Table. II. 

Fig. 2. One sample of data, microstruc-
ture of a produced steel with ASTM 
grain size No. 9.0. 

TABLE I. Output data information 

Number of samples ASTM (E-112) grain No. 
162 8.5 
294 9 
167 9.5 

Model training 

The modeling database was divided into training and test sets, which included 60 % and 
40 % of the data, respectively. Training was started with a (14–8–3) architecture and model 
selection procedure was evaluated by an internal procedure of the RJMCMC algorithm, as 
mentioned above. The result of this training indicated a chain of network parameters. When 
this chain converged into a stable distribution, a sample of the chain (network parameters) was 
selected based on the minimum classification error of the model on the test dataset. This 
modeling was implemented by MCMC methods for Multilayer Perceptron (MLP) Network 
and Gaussian Process (GP).* 

RESULTS AND DISCUSSION 

Performance of the model 
Calculation of the misclassification error on test data is a popular way to 

show the prediction accuracy (generalization) of a classifier model. This error is 
calculated according to: 

                                                                                                                    

* www.lce.hut.fi/research/mm/mcmcstuff/ 
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Test data-Model result

Misclassification error= ×100
Number of test data


 (6) 

The achieved model revealed a misclassification error of just 2.439 %, which 
is very low and indicates that the model has good generalization. More in-
formation about the misclassified error is available in Table. III. 

TABLE II. Input parameter information 

No. Inputs Min. Max. Mean SD 
1 C / wt. % 0.032 0.179 0.1272 0.0312 
2 Si / wt. % 0.008 0.218 0.0637 0.0798 
3 Mn / wt. % 0.191 1.15 0.6466 0.211 
4 P / wt. % 0.002 0.025 0.0072 0.0022 
5 S / wt. % 0.001 0.02 0.0089 0.0029 
6 Cu / wt. % 0.004 0.078 0.03 0.0109 
7 Al / wt. % 0.015 0.075 0.0454 0.0119 
8 N / ppm 16 75 38 8.8 
9 Nb / wt. % 0 0.045 0.0051 0.0105 
10 V / wt. % 0 0.011 0.003 0.0014 
11 Ti / wt. % 0 0.042 0.0017 0.0031 
12 Mo / wt. % 0 0.019 0.0038 0.0045 
13 Cr / wt. % 0.004 0.194 0.0131 0.012 
14 Ni / wt. % 0.02 0.042 0.03 0.0034 

TABLE III. Misclassified case for the number of misclassified 2 

Test target data Model result 
9 8.5 
9.5 9 

Model results 

As mentioned, the RJMCMC method can select potentially useful inputs 
according to the marginal probabilities of the inputs. The result of this analysis 
indicated the importance of the contents of Si, Mn and C on grain refinement, 
which were significantly greater than the concentrations of other elements. The 
most effective element for grain refinement was recognized to be that of vana-
dium. However, its concentration in these steels was very low. 

For testing, the results of the model are depicted when the concentrations of 
elements are on their mean values, which are given in Table II and the micro-
alloying elements (i.e., Nb, Ti and V) are not present. The model result of this 
analysis is shown in Fig. 3. Manganese stabilizes austenite, therefore decreases 
the austenite to ferrite transformation temperature and hence refines the grain 
structure. In addition, manganese can enhance the precipitation strengthening of 
the vanadium micro-alloyed steels and to a lesser extent, niobium micro-alloyed 
steels.1 
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Fig. 3. Model results in respect to the silicon and manganese concentration in 0.015 wt. % C 

and 0.035 wt. % Al. a) Absence of micro-alloying elements (Nb, V and Ti). b) Minor addition 
of vanadium (0.008 wt. %) in the absence of the other micro-alloying elements (Nb and Ti). 

Fig. 3a reveals the determining role of silicon on grain size in the absence of 
micro-alloying elements (i.e., Nb, Ti and V). The figure shows that the silicon 
concentration divides the figure into three regions, including finer, mild and 
coarser grain structures. This figure also indicates that increasing Si content 
increases the grain size. This is because silicon is a ferrite stabilizer and promotes 
ferrite grain growth.9 Fig. 3b shows that addition of small amount of vanadium, 
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0.008 wt. %, to steel severely contracts the coarser grain region. Vanadium acts 
as a scavenger for oxides, and forms nano-scale inter-phase precipitations. This is 
mainly due to the rapid rate of the austenite to ferrite transformation, which pro-
duces these nano-scale precipitates.10 Furthermore, the addition of vanadium also 
reduces the finer grain area somewhat. This is because vanadium is strong car-
bide former and as the majority of such elements are ferrite stabilizers, it there-
fore promotes ferrite grain growth.11 The net effect of this minor vanadium addi-
tion is to decrease the sensitivity of the grain size to the silicon content, and also 
reduction of coarse grain area.  

CONCLUSIONS 

A Bayesian ANN Model assisted by RJMCMC is capable of predicting the 
grain size of hot strip low carbon steels and can be used as a function of steel 
composition. The results are shown to be consistent with experimental data (ac-
quired from Mobarakeh Steel Company data). Furthermore, the model recognizes 
the effects of relevant elements in grain refining. These are manganese, silicon 
and vanadium. The silicon concentration has a determining role, this effect has 
not been reported in the literature, and vanadium has a great impact on grain 
refining phenomena. The major advantage of this method, which was validated 
by literature in the present research, is the selection of useful inputs in complex 
problems with many inputs. As many problems in materials science and engi-
neering are similar, this method could be useful for solving them. 

Acknowledgment. . The authors wish to thank, Lenjan Branch, Islamic Azad University, 
and the Iranian Nanotechnology Initiative Council (INIC) for their supports as well as Isfahan 
Mobarakeh Steel Company for supplying experimental data. 

И З В О Д  

ПРИМЕНА БАЈЕСОВИХ ВЕШТАЧКИХ НЕУРОНСКИХ МРЕЖА (ANN) И 
РЕВЕРЗИБИЛНЕ МОНТЕ КАРЛО МЕТОДЕ НА БАЗИ МАРКОВЉЕВИХ 
ЛАНАЦА (RJMCMC) ЗА ПРЕДВИЂАЊЕ ВЕЛИЧИНА ЗРНА У ТОПЛО 

ВАЉАНИМ ТРАКАМА ОД НИСКО УГЉЕНИЧНОГ ЧЕЛИКА 

MOHSEN BOTLANI-ESFAHANI1 и MOHAMMAD REZA TOROGHINEJAD2 

1Department of Materials Engineering, Lenjan Branch, Islamic Azad University, Isfahan, Iran и 2Department of 
Materials Engineering, Isfahan University of Technology, Isfahan, 84156-83111, Iran 

Вештачке неуронске мреже (ANN) и реверзибилна Монте Карло Метода на бази Мар-
ковљевих ланаца (RJMCMC) су коришћени да би се предвидела величина зрна топло ваља-
них трака од ниско-угљеничног челика у функцији њиховог састава. Резултати показују до-
бро слагање са експерименталним подацима добијеним у Mobarakeh фабрици за производњу 
челика (MSC). Развијени модел има могућност идентификовања улоге и важности елемената 
за рафинацију зрна. Поред тога, ефекти ових елементата, укључујући манган, силицијум и 
ванадијум, су испитивани у овом раду и показују добру сагласност са подацима из лите-
ратуре.  

(Примљено 11. новембра 2011, ревидирано 31. јануара 2012) 

_____________________________________________________________________________________________________________________

2012 Copyright (CC) SCS

Available online at www.shd.org.rs/JSCS/



944 BOTLANI-ESFAHANI and TOROGHINEJAD 

REFERENCES 

1. Keytosteel.com, Control of high strength low alloy (HSLA) steel properties, http://  
//www.keytosteel.com (accessed in 2010) 

2. S. V. Parker, PhD Thesis, University of Cambridge, UK, 1997  
3. J. Ryu, M. Sc. Thesis, Pohang University of Science and Technology, Korea, 2008 
4. I. Tamura, C. Ouchi, T. Tanaka, H. Sekine, Thermomechanical processing of high strength 

low alloy steels, Butterworth,London, UK, 1988 
5. S. Haykin, Neural networks: a comprehensive foundation, 2nd ed., Prentice Hall Inter-

national, Upper Saddle River, NJ, 1998 
6. J. Lampinen, A. Vehtari, Applied Computational Intelligence to Engineering and Busi-

ness , K. Wang, J Grundespenkis, A. Yerofeyev, Eds., Riga Technical University, Latvia, 
2001, p. 7 

7. M. Xu, G. Zeng, X. Xu, G. Huang, R. Jiang, W. Sun, Water Air Soil Pollut. 172 (2006) 
167 

8. A. Vehtari, J. Lampinen, Neural Comput. 14 (2002) 2439. 
9. M. Umemoto, Z. G. Liu, K. Masuyama, K. Tsuchiya, Sci. Mater. 45 (2001) 391 

10. H. K. D. H. Bhadeshia, R. W. K. Honeycombe, Steels Microstructure and Properties, 3rd 
ed., Elsevier, Oxford, UK, 2006 

11. Y.-B. Zhang, D. Y. Ren, Mater. Sci. Technol. 19 (2003) 1029. 

_____________________________________________________________________________________________________________________

2012 Copyright (CC) SCS

Available online at www.shd.org.rs/JSCS/



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




