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Abstract. Apart from experimental and theoretical approaches, com-
puter simulation is an important tool in testing hypotheses about stony
coral growth. However, the construction and use of such simulation tools
needs extensive computational skills and knowledge that is not available
to most research biologists. Problem solving environments (PSEs) aim
to provide a framework that hides implementation details and allows the
user to formulate and analyse a problem in the language of the subject
area. We have developed a prototypical PSE to study the morphogenesis
of corals using a multi-model approach. In this paper we describe the de-
sign and implementation of this PSE, in which simulations of the coral’s
shape and its environment have been combined. We will discuss the rel-
evance of our results for the future development of PSEs for studying
biological growth and morphogenesis.

1 Introduction

During its development, the three-dimensional shape of an organism is unfolded,
guided by the genetic information stored in the DNA. To understand this process,
called morphogenesis, it is very important to unravel the physical mechanisms
underlying it [1]. Apart from experimental and theoretical approaches, during
the last decenniums computational approaches have become more and more
important in the study of morphogenesis [2, 3]. We have applied computational
models to understand the morphogenesis and environmental plasticity of stony
corals (see e.g. [4-9]). In these models, a computational model of the growing
coral was combined with a model of the physical environment.

Developing and using the tools needed for such computational studies needs
extensive training and knowledge that is not widely available to research biolo-
gists. Computational studies are therefore often carried out by mathematicians,
physicists, computer scientists or computationally trained biologists, who in-
evitably spend a major part of their time in code and algorithm development.
Problem solving environments (PSEs) [10,11] are software systems aiming to
alleviate this issue. They hide the implementation details of a simulation code
and allow the user to formulate her or his problem at a higher abstraction level,
in the language of the problem being studied. Moreover, PSEs should contain

P.M.A. Sloot et al. (Eds.): ICCS 2003, LNCS 2657, pp. 639-648, 2003.
© Springer-Verlag Berlin Heidelberg 2003


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 595 842 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 2400 dpi
     Downsampling für Bilder über: 3600 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Error
     /ParseDSCComments true
     /DoThumbnails false
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize false
     /ParseDSCCommentsForDocInfo true
     /EmitDSCWarnings false
     /CalGrayProfile (Ø©M)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue true
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.3
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends true
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo true
     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /LeaveColorUnchanged
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 300
     /EndPage -1
     /AutoPositionEPSFiles true
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 2400
     /AutoFilterGrayImages true
     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 300
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 2400 2400 ]
>> setpagedevice

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 595 842 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 2400 dpi
     Downsampling für Bilder über: 3600 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Error
     /ParseDSCComments true
     /DoThumbnails false
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize false
     /ParseDSCCommentsForDocInfo true
     /EmitDSCWarnings false
     /CalGrayProfile (Ø©M)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue true
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.3
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends true
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo true
     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /LeaveColorUnchanged
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 300
     /EndPage -1
     /AutoPositionEPSFiles true
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 2400
     /AutoFilterGrayImages true
     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 300
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 2400 2400 ]
>> setpagedevice

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 595 842 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 2400 dpi
     Downsampling für Bilder über: 3600 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Error
     /ParseDSCComments true
     /DoThumbnails false
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize false
     /ParseDSCCommentsForDocInfo true
     /EmitDSCWarnings false
     /CalGrayProfile (Ø©M)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue true
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.3
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends true
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo true
     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /LeaveColorUnchanged
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 300
     /EndPage -1
     /AutoPositionEPSFiles true
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 2400
     /AutoFilterGrayImages true
     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 300
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 2400 2400 ]
>> setpagedevice

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 595 842 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 2400 dpi
     Downsampling für Bilder über: 3600 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1
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ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
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KOMPRIMIERUNG ----------------------------------------
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     Downsampling: Ja
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     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Maximal
     Bitanzahl pro Pixel: Wie Original Bit
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     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
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     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
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FARBE(N) ----------------------------------------
Farbmanagement:
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     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Ja
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja
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     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
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     Optimierungen deaktivieren: Nein
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some knowledge about the simulation system, in order to be able to advise the
user about the chosen parameters and warn him or her when necessary. PSEs
should make it possible to separate the technical work on the simulation codes
and methods from the conceptual computational experimentation and analysis.

In this paper we will describe a prototypical PSE for the study of coral mor-
phogenesis in interaction with the physical environment. In this PSE the problem
can be formulated in high-level terminology. Boundary conditions and initial con-
ditions are made available as independent modules, enabling easy specification
of the simulation set-up. The modular architecture encourages a multi-model
approach, were different models and solving methods can easily be tested and
compared. In Section 2 the problem set covered by the PSE will be shortly de-
scribed. In Section 3 we will describe the software architecture of the PSE, and
discuss some of its results. Finally, in Section 4 we will discuss the relevance of
our results for the simulation of morphogenesis.

2 Model and Methods Covered by the PSE

The coral growth PSE enables experimentation with several models of coral
morphogenesis. These models can be roughly divided into two classes, the ag-
gregation [4,5] models and the accretion [6-9] models. The aggregation models
are based on the diffusion-limited aggregation (DLA) model as introduced by
Witten and Sander [12]. In the DLA model an initial solid seed is placed in
an (n-dimensional) simulation box. A particle, carrying out a random walk, is
released until it hits a solid particle to which it attaches irreversibly. This proce-
dure is iterated until an aggregate has formed. In an extension of this model, the
particles are transported both by advection and by diffusion (advection-diffusion
limited aggregation: ADLA). This model was studied by Kaandorp et al. [4,5] as
a model of coral growth under the influence of fluid flow.

In the accretion models, growth occurs as the iterative construction of layers,
represented by triangulated meshes. In contrast to the aggregation models, in
these models growth occurs in parallel all over the surface. This iterative accre-
tive construction can be considered either a discrete (e.g. seasonal) process or the
discretisation of a continuous growth process. The local thickness of the accreted
layers can depend on a number of factors, such as the availability of a nutrient
in the surrounding water [6], transported by advection-diffusion. This model is
called the hydrodynamically influenced radiate accretive growth (HIRAG) model,
and was reassessed in a more recent paper [7]. In the polyp oriented radiate accre-
tive growth (PORAG) model, the individual polyps contributing to the growth
process are explicitly taken into account [8,9]. Both the HIRAG and PORAG
models have been included in the coral growth PSE.

In Fig. 1 we present a flow diagram of these accretive coral growth models.
The simulations are carried out partly in parallel, as indicated by the decom-
posed computational grids. The initial condition is formed by an initial geome-
try and a set of parameters (I). The next two stages, the dispersion of nutrients
through flow and diffusion, take up the majority of the computational time (data
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Fig. 1. Flow diagram of the accretive coral growth models, consisting of five modules. I.
Initial condition. II. Flow calculation. III. Advection-Diffusion IV. Flux measurements.
V. Accretion. The modules I and V are replaced for (parallel) modules to obtain the
aggregation model.

not shown); therefore this part of the simulation is carried out in parallel. The
initial geometry is voxelised and divided over all the processors. If desired, a
stable, laminar flow field is calculated (II) using the lattice Boltzmann BGK
method [13]. After this, the advection-diffusion equation is solved using the mo-
ment propagation method [14,15], until a sufficiently stable field has been ob-
tained. Finally, the nutrient fluxes are measured at a number of points scattered
over the growing geometry (IV). These flux measurements are sent back to the
master processor to carry out a growth step. The growth function g determines
the thickness of the new growth layer based on these nutrient fluxes and possi-
bly on the measurements of the local curvature of the latest geometry. The new
geometry is the input of the next growth cycle. A more detailed description of
these models is given elsewhere [7-9]. The structure of the aggregation models
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Fig. 2. Results of the models covered by the PSE. a-b) Accretion models: a) Hydro-
dynamically influenced radiate accretive growth (HIRAG) model b) Polyp Oriented
Radiate Accretive Growth (PORAG) model. Gray scale indicates nutrient flux, white:
high flux, black: low flux ¢) Aggregation model. Cross sections of three dimensional
simulations. Gray scale indicates resource concentration

only partially differs from the accretion models. The geometric description of
the morphology is absent, instead the growth form is represented by a cluster
of solidified lattice sites. The initial condition is a solid seed in the middle of
the simulation box (I). Stages II and IIT are identical to the accretion models.
In stage IV the resource concentration is measured at the nearest neighbours of
the aggregate, and aggregation takes place in stage V.

In Fig. 2 we have summarised some of the results of the HIRAG, PORAG and
aggregation models. In Fig. 2a) a typical result of the HIRAG model is shown,
where growth is exclusively driven by the nutrient gradients. The nutrient source
was placed at the top of the simulation box, while both the ground plane and
the coral surface were treated as nutrient sinks. Fig. 2b) shows an results of
the polyp oriented (PORAG) model. The nutrients source was placed at the
top of the simulation box, whereas the sinks where placed near the “polyps”, as
indicated by the black dots. The ground floor and the coral surface itself were
made impenetrable to the nutrients. Fig. 2c) shows a cross section of the results
of the three-dimensional aggregation models, where we added a single particle
per growth cycle.

3 Architecture of the Morphogenesis PSE

Fig. 3 schematically shows the tiered architecture of the problem solving envi-
ronment (PSE) and its usage. The PSE consists of four tiers: two computational
tiers (tier I and II) residing on a parallel machine or the Grid, a middleware layer
(tier IIT) running on the parallel machine, and a web-interface to the simulation
(tier IV). Below, we describe these tiers in more detail.

The developer’s layer (tier I) cousists of the sequential library libGEOM
which carries out the iterative geometric construction of the coral, and a parallel
part which carries out the computational fluid dynamics (CFD) and advection-
diffusion (A-D) simulations. The library libGEOM was newly constructed for
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Fig. 3. Tiered architecture of the coral growth simulator

this application. It implements the iterative geometric construction method, and
the morphometry algorithms to analyse the simulated corals. It makes use of
libraries and external applications to carry out specific tasks, as for example
collision detection and calculation of convex hulls. The lattice BGK simulations
are carried out with a legacy code written in C, developed in our group [16].
This code was interfaced to the rest of the application with a C++ wrapper class
which replaces the main program loop of the legacy code with an application
programming interface (API). Relative to the use of wrapper scripts around
the full application, this interfacing method has the advantage that full and
fast access to all the internal data of the legacy code remains possible, whereas
the legacy code can still be maintained independently of the rest of the problem
solving environment. The modular architecture makes it possible to interface the
PSE to alternative (open source) CFD solvers, by writing an alternate wrapper
class that implements the same API. The A-D solver and the diffusion-limited
aggregation (DLA) simulator were also accessed through this API. With slight
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modifications of the wrapper class, these could be easily swapped for alternative
advection-diffusion solvers.

Three variants of the user application, implementing the HIRAG, PORAG
and ADLA models as introduced in the previous section, are made available
through a web-interface (tier IV). It interacts with the user application (tier II)
over a middleware layer, the PSE server and client (tier III), both written in Perl.
Using the web-interface, the user specifies the parameters and initial conditions
and starts the simulation by submitting a batch job to the cluster. The PSE client
running on the web-server handles these requests and forwards them to the PSE
server, which starts the simulators, retrieves data or initiates a draft visualisation
of the intermediate results which is displayed through the web interface. For
more flexibility on the boundary conditions, growth function and the growth
method (accretion or aggregation), the user can change the simulation set-up
in the user application. This set-up is specified with simple C++ classes that
reflect high level model entities. For example, a new layer is built on top of the
previous layers by constructing a “Layer” object, based on another “Layer” and
a growth function. The code is then linked to the developer’s layer code and the
application is started. Although this method adds extra flexibility to the system,
it may reduce user accessibility. We therefore plan to make flexible specification
of the simulation set-up available through the user interface, which could for
example be done using the VLAM-G toolkit [17].

Visualisation and morphometry is partly carried out on the “client side”
(tier V), for which several file formats are made available by the PSE. For every-
day, off-line visualisation at the workstation, we use the general mesh viewer
(GMYV), developed at Los Alamos National Laboratory!, and several tools de-
veloped in our group using the Visualisation Toolkit (VTK)?. The draft visual-
isation engine is based on the batch version of GMV running on the server-side
of the PSE and produces images displayed through the web-interface. Three-
dimensional simulation output is displayed through the web-interface by means
of the virtual reality modelling language (VRMLI7) format?®, which we also use
for three-dimensional web publishing?. The closely related Openlnventorformat®
is used to display and analyse the simulation results at three-dimensional visu-
alisation systems: the UvA-DRIVE [18], the Personal Space System (PSS) [19,
20] and the CAVE [21]. These systems make use of shutter glasses, giving a
three-dimensional illusion, and enable natural visual interaction with the mor-
phology. They adjust the visualisation depending on the user’s position, making
it possible for the user to watch the morphology from different angles as if it
were a statue in a museum. The PSS adds a further dimension to this. Here
the user can manipulate the three-dimensional morphology by handling simple
objects. Using a mirror, the virtual image appears at the same position as the

! http://www-xdiv.lanl.gov/XCM/gmv/

2 http://public.kitware.com/VTK/

% http://www.web3d.org/fs_specifications.htm

* see for example http://www.science.uva.nl/"roel/iccs2002/
5 http://www.sgi.com/software/inventor/
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Fig. 4. Three dimensional prints generated with selective laser sintering

user’s hands. For demonstration purposes, we have also made use of 3D-printing
techniques (see Fig. 4). Two morphologies generated by the PORAG model
were constructed using the selective laser sintering (SLS) technique (reviewed in
Ref. [22]). Such three-dimensional prints make it possible to visually compare
the simulated morphologies to real morphologies in the user’s office (tier VI).

To enable more extensive comparison between real and simulated morpholo-
gies, several corals were scanned using a medical CT-scanner [5]. These mor-
phologies were converted to a format that can be read by the iterative geometric
construction library. In this way the simulated and real objects could be vi-
sualised using identical tools, and a fair visual comparison could be made: a
“Turing test” [23] for models of morphogenesis. The availability of coral scans
also enabled us to apply the analysis tools developed for the simulated corals
on the real ones as well. A number of legacy codes for such analysis tools are
available in our group, which should finally be all made available through the
PSE.

The dashed arrow pointing from the visualisation back to the user’s appli-
cations indicates the possibility to use the three-dimensional geometric output
as the initial geometry for a new simulation. Also, it indicates the future desire
for interactive simulation, where the user would be able to interact with the
simulation by manipulating the visualisation. For example, the boundary condi-
tions could be changed, to simulate changing environmental conditions. Another
example could be to manipulate the position of the growing coral to simulate
transplantation experiments, or to remove branches. Such interactive simulation
is already applied in simulations of interactive vascular reconstructions devel-
oped in our group [24].
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4 Discussion

In this paper we have introduced and analysed a prototypical problem solving
environment for the simulation of coral morphogenesis. Such a PSE enables
marine biologists to experiment with the coral growth simulation, without the
need for specific technical training or knowledge about the simulation methods.
Using the web front-end, the user can specify simulation parameters, an initial
geometry, the growth function, and start the simulation, while the parallel system
architecture remains hidden. Currently, our system is not yet able to warn the
user in case he would choose combinations of parameters that are known to
result in incorrect results. In future version of the PSE such knowledge will be
included. For example, knowledge about the valid combinations of flow velocity
and diffusion coefficients [15] would be easily included in the PSE.

Although the interaction through a web-interface makes the simulation sys-
tem accessible to computationally untrained scientists, it may be limiting to oth-
ers. Therefore, we have constructed the PSE according to a tiered and modular
architecture. The deeper one proceeds in this architecture, the more computa-
tional skills are needed with the gain of more flexibility. For example, if one is
not satisfied by simulation set-ups offered by the web-server, a new set-up can
be created using high level C++ objects. This requires some basic knowledge
on C++ programming, but the deeper geometric library and CFD codes can be
safely considered a black box. If desired, such a new simulation set-up could be
interfaced to the web-server, but this is not necessarily required.

With some more technical knowledge, the CFD and A-D solvers can be swap-
ped for different solvers, thanks to the modular architecture. Indeed we are
planning to do so in the near future, since we are now running into the limits
of these solvers. The LBGK method we currently use is not able to simulate
turbulent flows and the current A-D method produces incorrect results when
advective transport becomes much more important than diffusive transport [15].

Simulations of morphogenesis generally are not only high performance appli-
cations, but also high throughput applications. In order to understand the role
of each of the parameters in a model of morphogenesis, one should be able to do
parameter sweeps to construct so called “morphospaces” [25]. These theoretical
orderings of morphologies are used to find non-existing shapes produced by the
modelled morphogenetic mechanism, and are helpful in analysing the modelled
mechanism and in interpreting the functional advantage of existing morpholo-
gies. Realistic simulations of morphogenesis are computationally very expensive
(a typical simulation of the PORAG model takes 18 to 36 hours on 16 processors
of a 500 Mhz Pentium-3 workstation cluster). This makes such extensive param-
eter sweeps not yet feasible. Conventional high throughput architectures such as
Condor [26] are not suitable for managing high performance applications. Con-
versely, architectures for dynamically managing high performance applications,
such as Dynamite [27] (a Grid enabled version is currently being constructed)
would allow efficient execution of the simulators in a dynamic and heteroge-
neous resource such as the Grid. However, Dynamite was not constructed for
high throughput computing. Grid enabled parameter sweep architectures, such
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as Nimrod/G [28] do enable this. In future work we plan to interface our mor-
phogenesis PSE to a combination of Dynamite and Nimrod/G in order to allow
for the efficient construction of morphospaces on computational grids.
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