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Abstract

Geographic information is criticébr many earth related geszience applications
such aduilding disaster planning, crisis managemeegrlywarning systemsnd urban
planning Decision making in Geographic Information Systems (GIS) increasingly relies
on analyses of spatial data in ragsed formats. Maps atemplex structures composed
of layers createdfrom distributed heterogeneous data belonging to the separate
organizations This thesispresentsa distributedservice architecture fomanaging the
production of knowledge from distributecbllections of archived observatios and
simulation data through integrated dataiews. Integrated views are defined ly
federatons er vi ce (Afederator o) |l ocated on top
Common GIS standards enable the construction of this system. However, compliance
requirements for interoperaltifi such as XMkencoded data and domain specific data
characteristics, have costs and performance overhead. We investigate issues of combining
standard compliance with performanééthough our framework isdesignedor GIS, we
extendthe principlesandrequirementgo general science domaiasd discuss how these

may be applied.

Vi



TABLE OF CONTENTS

CHAPTER1 INTRODUCTION. .. oottt ememr e e e e e 1
I A Y/ (0] (Y= (o] o 1R 2
2 VAV o YA =To (=T 1o PP PUPPPR 4
1.3, RESEAICN ISSUBS.....uuuiiiiiei e 7
1.4. Organization Of DISSertatiQn..............uuuurumiiiiccreeiiieinieeea e e e e e e ereeeee s 11

CHAPTER2  LITERATURE SURVEY......cciiiiiiiiiieiiiiitiieesieeee e ssieeeea e nnnes 13
2.1, BACKGIOUNG......eiiiiiiiiiiiiiie e enenanees 13

2.1.1. Geographic Information Systems (GIS)........ccevvviiiiiiiiiiiecniiiiiieeeeee, 13
2.1.2. Open GIS Standards and GIS Web Services.........ccccccevnniiiaccnnnnnnn. 16
2.2, RElAted WOIKS.....cceeeiiiiiiiiiiee et e e e e e e annes e e s e e e e e e e e e e e e e eeenannes 20
2.2.1. Linked Environments for Atmospheric Discovery (LEAD)................ 20
2.2.2. Geosciences N&DIk (GEON)........coooiiiiiiiiiiiiiiieeeiieie e 21
2.2.3. Laboratory for Advanced Information Technology and Stand@mEr'S):
22

CHAPTER3  GIS WEB SERVICEDATA-GRID COMPONENTS..........cccvvveee.. 25
3.1. Gecdata and Common Data ModelS..........coooeviiiiiiiiccce 26
3.2. Web Service Extensions to Standard Serfde&nitions..................ccccinnee 29
3.3.  System Framework and W:Service COMPONENES.........cceeeeerirriiiiiicneeeeenns 32

3.3.1.  Webh FeatUIre SEIVICE......cccoiiieeeeeeeiiiemme et e eee s 33
3.3.2.  WED MAP SEIVICE. ...ttt ettt eeer e e e e e e e 38
3.3.2.1. GetCapabilitieS ServICES.......cviiiiiiie e eeeeeee 39
3.3.2.2.  GEtMAP SEIVICES.....uuuuiiiiee e e eeeeee e eeeeie e enne e e e e e e e 41
3.3.2.3. GetFeatureInfo SerViCeS........uuviiiiiiiiiiii e 47
3.3.3. Browser evenbased Interactive Map Client Toals.............cccceeeeeeeeee. 53

3.3.3.1. Integration of AJAX approach to GIS Web Service Invocatians..59
3.3.3.2. AJAX & Web Services Synchronization Framework................... 61
3333. A Use Case Scenari o: Overl aybtbng OGC

vii



CHAPTER4 FINE-GRAINED FEDERATION OF GIS WEB-SERVICE

COMPONENTS. ...t reee e e e 68

4.1. GeoData and integrated data VIEWS............ooooeiiiiiimmee e 70
4.1.1. Hierarchical Data Definition and Mullyer Maps............cccccccvveiieiiieannnnn. 74
4.2. Federation FIramMEWOTIK............uuuuiiiiiiiiiieeeieiiieiee et 75
4.3. Service Federation through Capability Aggregation.................ccccccceeeeeeen 79
4.3.1. Extending WMS & Federator SErIVICe...........cviiiiiiee e 80
4.3.1.1. Federating through Context DOCUMENt:............covvviiiiieemniiieiieeeenn. 81
4.3.1.2. Federating through Aggregated WMS capability............ccccccceeeeee. 83
CHAPTER S5 APPLICATIONS OF THE FEDERATION FRAMEWORK.......... 88
5.1. The National Infrastructure Simulation aAdalysis Center (NISAC)........... 89
5.2. Pattern Informatics (Pl), Earthquake Science.............ccccvvivieemiiiiininnnnne. 96
5.3. Virtual California (VC), Earthquake Science.............cccccuvvviiimemnciininnnnne. 103

CHAPTERG HIGH-PERFORMANCESUPPORT IN INTEROPERABLESEO-

DATA RENDERING.......ccoii e 108

6.1. General Performai@ ISSUES.......ccooiiiiiiieiiiiieeieeee e 109
6.1.1. Distributed Nature of Data..........cccoeeeeeeeeiiiieeeiceee e 109
6.1.2. Interoperability Cost Common Data Model.............ccccceeviiiiiieecnnnnnns 110
6.1.3. Tough Data CharacteristiCs...........cccuuuruimmiiimemiiiiiiiiieee e 111
6.2. Extending OGC Standards with Streaming Data Transfer Capabhilities.112
6.3. Application of Pull Technique for GML Parsing and Rendering............. 118
6.4. Adaptive loadbalancing and Parallel Query Optimizatian...................... 122
6.4.1. Problem Definition............coooiiiiiiiiiiieee e 124
6.4.2. Workload Estimation Table for Twdim Range Queries................... 125
6.4.3. Utilizing WT for Range Query Optimization...............ccceeeeevveeeeeeennnn. 130
6.4.4. Performance Evaluation...........ccoooeeiiiiiiieeeii e 134
6.5. Justin-time Map ReNdering..........c.uuiiiiiiiiiiiie e eeme s 139
6.6. Overall System Evaluation..............cooiiiiiiieeer s eeeer e 143
6.6.1. Data and Process FIOM...........ouuuuiiiiiiiieeeiiiii e 143
6.6.2. TeSt Case SCENALIO......cceeeeieiiiiiieiiiieeee et 145

viii



6.6.3. Baseline SYStem TeSL........uuuiuiiiiiiii e 147

6.6.4. Performance Enhancement with Federation and Parallel Query
Optimization through WT tables..........ccccuiiiiiiiiiieeeii e 149

CHAPTER 7 ABSTRACTION OF THE FRAMEWORK FOR THBENERAL

DOMAINS ..o 157
7.1.  Generalization FrameWorkK............ooooiiiiiiiiemnn e 158
7.2. Standard Service Interfaces and MediatQrs.............ooooeeiiicce e 161
7.3. Components AbstractidnASFS and ASVS..........oooiiiiiiiiiieeeeieeiiennns 162
CHAPTER 8 CONCLUSION AND FUTURE WORK.......ccuviiiiiiieeiiiceeee 165
8.1. Summary and CONCIUSIONS..........cciiiiiiiiiiiii e 165
8.2. Summary of Answers to Research QUestianS.........ccccoeeeeeiviceccciieeeeeenn. 168
8.3.  Future Research DIr€CtiONS. ..........cooouuuiiiiiireer e eeere e 173
APPENDICES
APPENDIX A: Sample Request Instances to standard WMS Service Interfacés
I. GetCapability Request INStANCE...........coooviiiiiiiiicee e 176
il. GetMap ReQest INSTANCE........covviiiiiiieee e 177
iii. GetFeaturelnfo Request INStanCe. ..........cevvviiiiiiiieeeiieeeeeee e, 178
APPENDIX B: A Template Capabilities.xml File for WMS...................o e 179
APPENDIX C: A Sample WMS Capabilities.xml Instance..............cccoeoeeeieeee. 180
APPENDIX D: A Sample Instance of WFS Capabilities.file.......................... 183

APPENDIX E: A Simplified WMS Web Services Service Definition file (WSD8p
APPENDIX F: A Simplified WFS Web Services Service Definition file (WSDI§8
APPENDIX G: Sample GetFeature Request for WFfr earthquake fault datal91
APPENDIX H: Sample Simplified GML Document for Baguake Fault data...192
APPENDIX I: Sample GetFeature RESPONSE..........vviiiiiiiiiiiie e 193

REFERENCES 194

Glossary 210



LIST OF FIGURES

Figure 1: Layered displaya map is composed of a set of multiple, distributed layers.
Figure is from (KOONtZ, 2003)......ccceuuuruuuiiiiinieieeeeiiriisaas e e e e e e e e e e e eneesss s s e e e e e e eaeeeees 16
Figure 2: GIS framework with the proposed Web Service components and data flow. See
=Yoo U = U EPPPPRPPPPPPPN 33
Figure 3: lllustration otlient ( WMS)}WFS interaction steps to get feature data.....35
Figure 4: GetCapabilities operation steps. See Appendix C for a sample WMS
capabilities file INSTANCE ... ... e e e 40
Figure 5: GetCapabilities Request Schema. See Appendix A for an instance of this
FEQUEST SCNEIMA.....oiiiiiiiie e eeees b e e 40
Figure 6: GetMap OPEratiONEFES. ........ccuuueiriiriieeieeieeeiiiiteer e e e e e e e e e e s emer e e e e e e eeeeeeeas 42
Figure 7 : GetMap Request Schema. See Appendix A for an instance of this request

S0 =7 0 0 - PP 44
Figure 8: Sample output dfi¢ above map images generating code......................: 46
Figure 9: A snapshot of response to getFeaturelnfo. It is actually an attribute querying of
earthquake seismic data layer shown on the map image.............ccceevveeeecvvvnnnnnee. 49
Figure 10: Creating getFeaturelnfo reponse by using a stylesheet and XSLT processor.
See Figure 10 for generic stylesheet for GML.............ovuviiiiiicccieeeee e 49
Figure 11: GetFeaturelnfo Operation SIEPS........uvviiiiiiiiiiiieereieeeeeee e 50
Figure 12: GetFeaturelnfo Request Schema. See Appénidixan instance of this

(1=T0 [ DTS RS =0 - 51

Figure 13: Generic XSL file for HTML creation from the GML in order to create


file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863131
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863131
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863132
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863132

Figure 14: lllustration of Major eVent tyPeS.......cooviviiiiiiiiiie e 56
Figure 15: Evenbased interactive map tools capable of mxt&ng with any map server
developed in Open Geographic Standards. ..o 57
Figure 16: Standard interactive map tools extended with capabilities of integrating map
images with outputs of Gesciencegrid appliCations...............eveeeeiiiiiiiieemieieeieeeeeee. 58
Figure 17: (A) Pure AJAX Apmach, (B) Web Services Approach, and (C) Hybrid
(AJAX + Web Services) APProach..........coooiiiiiiiiiiiccce e 62

Figure 18: Integration of Google Maps with OGC WMS by using architecture defined in

[0 18] £ PP PP PP PPPPPTTTPPN 65
Figure 19: Data lifecycle and integrated dat@ew Creation...........cccccceeeeeeeeeiviccceeennn. 72
Figure 20: Federated GIS framework.............cccuvviiiiiieeeiiiiiiiiiiiiiiccceeeeeeeeeeeeeeeeee e L O
Figure 21: Federator's aggregated capability metadata.............ccccooeeeemvivenennnnnnn. 85

Figure 22: Example federated Jdat.a..sB7fts def
Figure 23: NISAC SOA Demonstration Architectural Diagram and Data Flow.....92

Figure 24: Sample Florida&e Electric Power (red lines) and Natural Gas Components

(blue lines) as overlays onSatellite images provided by NASA WMS................... 96

Figure 25:A general GIS Grid orchestration scenario inveltlee coordination of GIS

services, data filters, and code execution services. These are coordinated by HPSearch
Figure 26: WMS Client or so called evdrdsed interactive map tools. Goagllap layer

is superimposed by the plotting of the PI outputs. It shows probability of earthquake
happenings. Red ones show high probabilities...........ccccoeiiiiieeeciciiiie e 102

Figure 27: Virtual California Operation steps founded over proposed Senérged

GIS TTAMBWOIK ..ot e e e ettt e e e e e e e e e e e maaa e anaaen 106

Xi


file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863141
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863144
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863144
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863145
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863145
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863146
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863147
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863150
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863154
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863154

Figure 28: Evenbased interactive user interface extended for Virtual California needs. It
enables creatqmmap movies by playing framework (created from tseees data)
successively. Each framework is actually a map image.........ccccccevviviiccceeeeeeenn. 107
Figure 29: Problem illustration with two different types of data.sets................... 112
Figure 30: Streaming data transfer using NaradaBrokering ptgalis$cribe topic based
MESSAGING MIAAIEWALE.........oeiiiiiiiiiii s 114
Figure 31: Comparisons of Streaming vs. Ngireaming data response timings from
source to federator OF WIMS..... ..o ececceeeie e eeeeeten e e e e e e e eeeeennnenes 117
Figure 32: Performance comparison of two XML data procesgoligparsing and
Document Object Model by USING OMA...........uuuiiiiiiiiiiiieeeiiiiiiiee e 122
Figure 33: Architectural comparisons of parallel fetching with straightforward single
thread fEtChING........oo e 123
Figure 34: The recursive binary partitioning routine..............cc..eevveeemevivvevnnnnnnne. 127

Figure 35: The routine to find out the best partition cut point according to given error rate

Figure 36: Sample query and corresponding partitions in WT. total query size 32MB and

threshold data size 5MB, and error rat€..20...........coveuiiieniieemiieeee e e veens 129
Figure 37; lllustration of query decomposition with a p&rscenaria..................... 130
Figure 38: Example scenario of tpartitioning a region into 5 sutegions............... 131
Figure 39: A sample nGetFeatured query for
to WFS for a specific range defined in bHOX..............ccccoeiiiiiiiiececiiie e 132

Figure 40: Streaming Data fetching through publish/siiis¢rased messaging

IO WA . .. ..o e e et e e et e et e e e e e e e e e e e e e e e e mne e enaeeaeneennees 134

Xii


file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863155
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863155
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863155
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863156
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863157
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863157
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863160
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863160
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863161
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863162
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863162
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863163
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863163
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863164
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863165
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863167
file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863167

Figure 41: Parallel query optimization performance results..............cccccovienenee 136

Figure 42: Overhead times camgifrom parallel query optimization....................... 139
Figure 43: Map rendering ProCESS SIEPS........uuuurrrrrirrriireeiiiirieenreeeeeeeeeeeeeeeeeeees 140
Figure 44: Average timings for mamage Creion Steps............cccuvvvrrrerrrieeninrennne. 141
Figure 45: Image conversion timings basedpixel resolution values.................... 143

Figure 46: Test setup for Federatwrented enhancement analysis and evaluatiorigi4
Figure 47: Testase SCeNarioteSt SEIUP.........coeeriiiriiiiiiiiiccee e eeaes 146
Figure 48: The overall (er-end)average response timestraightforward sequential
data aCCESS t0 UAtA SOUICES.........uvvrrrrreiiiimeeeeeeeeeen s s e e e e e e e e esrnssnnan e e e e e eeeeeeaees 148
Figure 49: Average response timgzarallel data access through the federatar.....151

Figure 50: Average response timgsarallel data access through the federator and WT

Figure 51: Comparison of the average response timibe straightforward and

optimized parallel query appProachEs..........cuuvviiiiiiiiiiee e 156

Figure 52: Application Specific Information System (ASIS).........ccvvvvviiiiiiieennnne. 159

Xiii


file:///C:\Documents%20and%20Settings\asayar\Desktop\Thesis%20Docs\THESIS\drafts\after%20marlon's%20reviews\after%20defense\thesis_asayar16-mep3.docx%23_Toc222863179

LIST OF TABLES

Table 1: Data access times (from federator or WMS) while using (1jrstrgand (2)
non-streaming data transfer techniques..............oooooii e 116
Table 2: The performance values of DOM and Pull parsing (Xpp) over GML data.
Dashedine values imply memory eXCeption............coooeeeiiiimmmn e 120
Table 3: Standard deviations of average timings for total rendering................... 121

Table 4: Parallel data access/query times based on (1) changslgaldrquery size used

for building WT and (2) the #of worker NOd8AFS. ..., 135
Table 5: Overhead times based on number of partitions to be applied.............. 138
Table 6: Average timing values for map image processing.Steps.............oevvveee 140

Table 7: Average timings and standard deviation values of object to image/JPEG
(o0 0 1VZ=T £ [ o P PPPUPRN 142
Table 8: The average response times for straightforward sequential data .accedst7
Table 9: The standard deviations for the average respiames given in Table.8....147
Table 10: Average Response timgxmrallel data access through the federator.....150
Table 11: Starard deviations for the average values given in Table 10.............. 150
Table 12: Average Response timgxmrallel data access through the federator and WT
L2210 =S 153
Table 13: Standard deviations for the values given in Table.12....................cc... 153
Table 14: Comparison of average response tiogsimized parallel data access with
SEQUENTIAI @CESS. ..uuuuuiiiis i i e e e e e et et et ieeee s e e e e e e e e e e e ettt eee et mmmreeeeeeeeessssannn s ammmessssnnnnn 155
Table 15: Components and common data model matching for generalization of GIS to

ASIS. Two selected domains are Astronomy and Chemistry...........cccuvvvvevieeennne 164

Xiv



CHAPTER 1

INTRODUCTION

Geospatial infanation is critical to effective andollaborative decisiomaking
in earthrelatedgeoscience applications such dsager planning, crisis management,
earlywarning systemand urban planningdecision making in @ographt Information
Systems(GIS) (Delaney, 2007)ncreasingly rees on analyses of spatial data in map
based formats. Maps are complex structures composed of layers createlisfributed
heterogeneous datand computatioal resources belonging to separatartual

organizationgrom various expert skill levels

We proposea Serviceoriented Achitecture(SOA) (Erl, 2005)for understanding

and managing the production of knowledge from distributed obsersasonulatiors



and analysighrough integrated datdews in the form of multiayered map images

(Chapter 4) Our proposed distributechfrastructure is based ancommon data model,

standard GIS WeBervice componentsand a federator component The federator

federates standard GIS data services and enables unified data access/query and
displayanalsis over integrated dateiews through evenbased interactive display tools

(Section 33.3) Integrated dat@iews are defined ithef e der at o ydedadataaap a b i | |
composition of layers provided by standard GIS V&eovices. Our grichpproach is

basd on the WS+ Interoperabilitystandads ("WS-I," 2002).

1.1. Motivation

Geographidnformation Systems (GISyre systems for creating, storing, sharing,
analyzing, manipulating and displaying spatial data and associétdautas. The
general purpose of GIS is extracting information/knowledge from the rawdaeo The
raw data is collected from sensors, satellites or other sources and stored in databases or
file systems. The data goes through the filtering and rendseingces ands presented
to the eneusers irhumanrecognizable formats such as images, graphs, ¢cb#&tsGISis
used in a wide variety of tasks such as urban planning, resource management, emergency
response planning in case of disasters, crisis geament and rapid respoiss& name a
few.

Over the past decade, GlSstevolved fromthe traditional centralized mainframe
systems todesktop systems tmoderncollaborative distributed systemsCentralized
systems provide an environment for stahohe applications in which data sources,
rendering and processing services are all tightly coupled and application specific.

Therefore, they are not capable of allowing seamless interaction with the other data or



processing/rendering services. On the other hdre distributed systems are composed

of geographically distributednd loosely coupledutonomous hosts that are connected
through a computer network. They aim to share data and computation resources
collaborating on large scale applications.

Modern colaborative GIS requise data and computation resources from
distributed virtual organizations to be composed based on application requirements, and
accessed and queried from a single uniform access point over the refined data with
interactive display toolsThis requires seamless integration andratton of data and
computation resources. The resources span over organizational disciplinary and technical
boundaries and use different clisgrver models, data archiving systems and
heterogeneous messagensf@r protocols.

Furthermore GIS is particularly used in emergency eatlyarning systems like
homeland security and natural disasters (earthquake sfletiy and crisis management
applications requirguick responsesdowever because of the charactgits of geedata
(large and unevenlydistributeddatasuch asthe distribution of human population and
earthquake seismievent$, time-consuming rendering processes and limited network
bandwidth,the increasing and optimizingerformance and responsivesestand as the

toughest challenges in distributed modern H8ng& Tsou, 2003)

Theseproblems havenotivated us to researdhe application of techniques in
distributed and service oriented computiteagGeographic Information System As a
consequence of this research, we have developeimgworkthat enabés shaing and
integration of heterogeneous data and computaltioesources for the collaborative

decision support applications requiring quick response times.



1.2. Why Federation

The compassableature of the standard GIS data servicegl§Wap Serviceand
Web Feaure Service (Chapter 3)nspired ugo develope a federated information system
framework enablingooth applicationbased hierarchical datefinitions @rchitectural
feature$ (Chapter 4)and high performance designs basedoadbalancing and parallel
processindhigh performance featurgéChapter 6)

Our proposed éderatedservice-orientedinformation systenframework(Chapter
4) mustsupport collaborative decision making over integrated data yeeeribed im
layerstructurecdhierarchicaldata preided by a federatoiTheuses access the system as
though all the datanral functions come from one site. Theata distribution and
connection paths stay hidden and formulated as hierarchicatléfit@di n f eder at or
capability metadatgsee Section 4.1). The usersaccesghe system tlough integrated
dataviews (mapg) with the eventbased interactive mappirdjsplaytools Tools creae
abstract gueries from the @asleaogmsmonicaecwiti ons t

the system througthe federdor.

Federatio is based on federatirsgrviceoriented standard GIS Web Serviges
capabilities metadata and their standard service interfiessibingdata access/query
and renderingCapability (for more information see APPENDIX B and {8)a metadata
about the data and rsices together. tlincludes information about the data and
corresponding operations with the attributebased constraints andacceptable
requestesponse formats. It also enables developing applicati@sed standard

interactive re-usableclienttools for dataaccessjueryand display



Creating such a federated design has some advantegedata sharing,
performance andysten expansion(interoperability and exterslity) . It also removes
the burdens of accessing heterogeneous stateces with resource specific client tools
and enables attribute basedified querying over federated data souréesn a single
access point.

Architectural Design Features

A federatedseavice-oriented GIS framework is composed of two parts. Oné par
consists ofinteroperable Glomponentservices. These services should be compliant
with existing standards such @gpen Geospatial Consortium., The otherpart isthe
federatoy which compogs the component services according to the application
requrements by providing integrated dat@ws in itsaggregatedapability metadata.

We have developed federatorthat federates the standard GW8eb Services
components through aggregation of thespabilitiesmetadataThis effectively presents
a singe database image to the uslefinedin its aggregatedcapability metadata. This
enablesapplicationbased data set®® be compo®d (which is defined in capability

metadata) andnifies data access/query/display from a single access.point

In ordertocreee a compl et e syst eofnview, we mvet h e
develgped evenbased interactive magisplay tools with AJAX technologies integrated
with Web Service The wuser 6s interaction with the
data views rhap with eventbased interactive map tools (drag and drop, zoowutn
etc.). Eventbased interactivenap tools are generic tood&nabling seamless interaction

with the system through federator or any other compatildb Map ServiceWMS).
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A map is an applicatior-based humanrecognzable integrated data display
composed of layers. A layer is a data rendering of a single homogeneous data source.
Data sources are standaiteb Map ServicesWMS) andWeb Feature Service3VFS)
defined by Open GISt&ndardsLayersare created from the structured XMincoded
common data model (GML) or binary map images (raster data). Heterogeneous data
source are integrated to the system throughWitiS inthe form of GMLandthrough
WMS in the form of binary map image&/FS and WMSserve these data with standard
service programming interfacesand @pability metadata describing thedata and
resources$o enable clients tmake valid queries

High-performance Design Features

The highperformance design issues addresseslirproposeé framework can be
grouped into twdypes:exterding the servicespecification®f opengeographicstandard
(Chapter6.2and6.3) andfederation(Chapter6.4).

The firg group of design issues is related to the extension and enhancefents
OpenGeospatial ConsortiufOGC) ("OGC," 1994)standardsWe extended he OGCO6 s
online service descriptions with the streaming data transfer capabilities. At the service
programming interfacelevel, these servicesprovide standard functionalities and
interfaces but the data payloads are risferred using topic-based,publish/subsibe

messaging middleware

The secondyroup of design featuras concerned with how to federate multiple
services (including optimized services of the first group) into a more efficient and
capable integrated dgsn The requirements of such &deration frameworkhave

inspired usto developnovel load balancing and parallel processing technigdpsmal



partitioning of geedata is difficult to achieve becauige data [folygons, linestrings,
pointg are neithedistributed uniformly nor of similar sizes. The load they impose varies
depending on query range attributése( geographidocation or bounding boxof the
query). It is difficult to develop a fair partitioning strategy that is optimal for all range
queres.

Federating servicesan providestateful access to stateless GIS Web Sendnds
alsooptimize the load balancing and parallel quebgsakingtheregions ofdata denisy
or sparsityinto consideratiofChapter 6)The fe d e r aitn ésto tursi OGC compliance
requirementsnto competitiveness ant provide high-performance responsiaervices
that still meetheinteroperability and extensibility requirements.

Extending the Architecture to other Science Domains

Our experiencavith GIS systems hashown that our federated serviceoriented
servicemodelcan be generalized to apply to other application areas such chemistry and
astronomy. We call this generalized framework Application Specific Information System
(ASIS) and give blueprint architectura terms of principles and requireme@hapter
7). Developing such a framework requires first defining a core language (such ag GML
Geographic Markup Languagexpressing the primitives of the domain, second, key
service components, service interfacesd amessage formats defining services
interactions, anthird, the capability file requirements (based on dargguage) enabling

inter-service communications to link the services for the federation.

1.3. Research Issues

Our proposed servicéramework will allow us to investigatethe following

research issues.



Interoperability and extensibility We first investigate the adoption @pen
geographicstandardsfrom the OGCto create an interoperable Geographic Information
System with standard data models, servicgcdptiors, serviceprogramming interfaces
and service capabijitmetadata. Second, wevestigate the application &d/eb-Service
andserviceoriented ArchitecturédSOA) principles(Newcomer & Lomow, 20050 our
GIS datagrid (Chapter 3)

We also proposestandard everbased interactive query and display tools
enhanced witii Asynchr onous JaAlS)dechngogiedar thduseXsML 0 (
to interact with the standaf@lS Webservicesseamlessly.

Research Questions:

U0 How to integrate Web Service principles with features (data and rendering
services) of GIS to enable figgained dynamic information presentation?
o Incorporatingwidely accepted OpeBIS Standards with Web Services
i How to merge Asynchronous J&aipt and XML (AJAX) with Web
Services cliergfor eventdriven,browserbased interactive map to8ls
0 Mediating HTTP-based AJAX tools with Simple Object Access

Protocol (SOAPpased GIS Web Services

Federation We propose framework for federation aftandardsIS data services
enabling unified data access/query/display through dvased interactive toolsver
integrated dataiews (Chapter 4) Federation isachievedbya ggr egat i ng GI S s
capability metadatan to federatng service

We investigate how tase capability federation to develop applicatibased

hierarchical data definitions ia federated capabilitglescription We first defineGIS



Web Servicesand their serviceprogramming interfacesto allow inter-savice
communication through capability metadata exchaagéd then define aggregating
service thatenabling federation througlhe combined capability metadataof its

constituent services.

We also investigate the principles for generalizing the propteselated GIS
system forgeneral science domains such @emistry andastronomyin terms of

components and framework requirements.
Research Questions:

U0 How to make attribute based federated query over distributed heterogeneous
geodata sources?
o Capabilitymetadata aggregation of standard GIS Web Services
o Unified data access/query from a single access point (with the help of
federatorods aggregated capability n
U How to generalize the domaspecific federation framework (proposed for
GIS) tootherscience domains such astronomy anadhemistry?
o Defining architectural requirements
0 Analyzing constraints and limitations
Performance and Responsivened&/e investigated the ways to turn compliance
requirements into competitiveness in Geographic Informatigstegs built on XME
encoded common data modédisteroperability requirements bring up some compliance
costs. XML Os e mer g eefactostamdard foih encoding trewiented, semi
structured data has brought significant interoperability and standiwdizzenefits to

distributed computing. On the other haXd/lL representations of data tend to be



significantly larger than binary representations of the same data. The larger document
size means that the greater bandwidth is required to transfer thaslatanpared to the
equivalent binary representations.

In addition, due to the architectural features (integration of autonomous
resources), the system spends a lot of time on query/response transformations for

relationatldatabase to XMlencoded data modeiappings.

We first investigated the performance efficient designs for XML structured data
transfer and processing (parsing and rendering). Second, we researclofedeeited
design features taenable betterperformance for Geographic Information Sysge
(Chapter 4) A federator inherentlyprovidesworkload sharing by fetching the different
datasetsfrom separate resources to create rlaitered map imagé®©n the other hand
layeritself canalsobe split into smaller bounding b@ranges}iles andeach tile ca be

farmed out to a workdeature and map services

The spatial data is defined in location (range) attribute andeasenly distributed
and variablysized Because of thes&ringent characteristics and dynamic nature of data,
it is not eay toperform efficienioad balancing and parallel processihgorder to solve
this, we propose and adaptive workload estimation algorithm to optimize the range

queriegChapter6.4).

Research Questian
0 How to make responge data access/query over the data defimed queried
by range attributes?
o Sharing an unpredictable workload (whose load changes by range

guery) to the workers in a most efficient way
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o Adaptive load balancing and unpredictable workload estimation
o Paralleldata access/query via attribttased query decomposition
i How to apply pullparsing technique to GML data rendetimgd analyzing

the limitations otthe other parsing techniques.

1.4. Organization of Dissertation

This introductionconsists of an overview ofi¢ Geographic Information Systems,
architectural and higperformance dggn features of the federatedrvicesa summary
of the outstanding issues that relate to the research outlined in thisdhdsigiscussion

on the contribution of the thesi¥he remaining of the thesis is organized as follows.

Chapter2 consists of two part3.he first partgives background information about
Geographic Information Systei®pen GIS &ndards andVeb Servicesarchitectures

The £condpart reviewsf the relategrojects.

Chapter 3 describesthe design principles and components of tederated
information Grid architecture The @mponents are developed in accordance with Open
GIS Standardsand integrated with Web Service principlat both the data and

applicdion level

Chapter4 investigates &ine-grainedservicefederation architecture built over the
GIS Web Srvice components. It enables unified data access/query and display over

integrated data views.

Chapter Sprovides three substantial projects that eve used to validatéhe

practical applicability ofour approach. These projectsare Pattern Informatics (PI),

11



Virtual California (VC) andthe National Infrastructure Simulation and Analysis Center

(NISAC) projects

Chapter 6 first introduces common feegmance issues and thenesents general
and federatoepriented performance enhancing techniqUé® chapter ends withverall

system evaluationsased on applications &real Geescience application.

Chapter 7examinesthe design principleand requirenents of the proposed

framework for the general science domains and gi\@seprintarchitecture.

Finally, in Chapter8, we give answers to the research questions identified in

Chapterl, outline future research directigrsd conclude the dissertation
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CHAPTER 2

LITERATURE SURVEY

2.1. Background

2.1.1.Geographic Information Systems (GIS)

Geographic Iformation Systems (GISjPeng & Tsou, 2003are systemdgor
creating, storing, sharingnalyzing, manipulating and displayiggcspatial data anthe
associated attribute&lS introduce methods and environments to visualimgnipulate,
and analyze geospatial data. The nature of the geographical applications requires
seamless integration and sharing of spatial data from a variety of pro{/cessgrids,”

2006)
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The general purpose of GIS nsodeling, accessingxtractingand representing
information and knowledge from the raw gedata. The raw ata is collectedrom
sources ranging from sensors to satellites and stored in databases or file systems. The
data goes through the filtering and rendering services and is ultimately presented to the
endusers in human recognizable formats such as imgggshsandcharts. GIS is used
in a wide variety of tasks such as urban planning, resource management, emergency

response planning in case of disasters, crisis manageandn@apid response.

Over the past two decades, GIS has evolved from traditionarateed
mainframe and desktop systems to collaborative distributed systems. Centralized
systems provide an environment for stahohe applications in which data sources,
rendering services,and processing services are all tightly coupled and application
specific. Therefore, they are not capable of allowing seamless interaction with the other
data or processing/rendering services. On the other hand, the distributed systems are
composed of autonomous hosts (or geographically distributed virtual orgamsatat
are connected through computer network. They aito share data and computation

resources collaborating on large scale applications.

Modern GIS requires data and computation resources from distributed virtual
organizations to be composed base@pplication requirements amo bequeried from a
single uniform access point over the refined data with interactive display tools. This
requires seamless integration and interaction of data and computation resources. The
resources span organizatigndisciplinary, and technical boundaries and use different
clientserver models, data archiving systems and heterogeneous message transfer

protocols.
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The primary function of a GIS is to link multiple sets of geospatial data and
graphically display that inforntien as maps with potentially many different layers of
information (seerigurel) . Each | ayer of a GI'S map repr
feature, and one layer could be derived from a data source complétetgrdifrom the
other layers(Koontz, 2003) As long as standard processes and formats have been
arranged to facilitate integration, each of these themes could be based on data originally
collected and maintained by a separate organization. Analyzing this layered information
as an itegrated entity (map) can significantly help decision makers in considering

complex choices
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Figure 1: Layered displayi a map is composed o set of multiple, distributed layers. Figure is from

(Koontz, 2003)

2.1.2.0penGIS Standards and GISWeb Services

In order to achieve such a layered displ&igre 1) with layers conng from

autonomous, heterogeneous data resources provided by various virtual organizations, the
domainspecific common ata models, standard service functionalities and interfaces
need to be described and widely adopted. There are twekm@An and accepted
standards bodies in the GIS domain aiming at these goals. These are Open Geospatial

Consortium("OGC," 1994)and the Technical Committee tasked by the International
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Standards Organization (ISO/TC21(1)SO," 2008) The standards bodi e
make the geographic information and services neutral and available across any network,

application, or platform by defining common dahodels and online service descriptions.

The standards bodies specify methods, tools and services for data management,
accessing, processing, analyzing, presenting and transferring such data in digital form
between different users and systems. ISO/TC2dfines a higHevel data model for
public sectors, such as governments, federal agencies, and professional organizations
(Peng & Tsou, 2003)0n the other hand, OGC is interested in developing both abstract
definitions of Open GIS frameworks and technical implementation details of data models

and to a lesser extent se®s. They are compatible with each otlf&rAG," 1999)

OGC6s standards definition for d-at a mo
GML) (Cox, Daisey, Lake, Portele, & Whiteside, 20@8) online data services are well
known and widely adopteds more GIS vendors are releasing compatible products and
more institutions s OGC standards in their research and implementations, OGC
specifications are becoming de facto standards in GIS community, and GML is rapidly

emerging as the standard XML encoding for geographic information.

The Web Map Service (WMSBeaujadiere, 2004; Kolodziej, 2004and the
Web Feature Service (WF8)retanos, 2002xretwo major services defined by OGC for
creating a basic GIS framework enabling information rendering of heterogeneous data
sources as map images. WMS is the key service to tieemation renderingand
visualization WMS produces maps from the geographic data in GN#L is obtained
from variousWFS instances|It also enables attributend featurebased data querying

over data display by its standard service interfatlis geneal approach is similar to the
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SkyServergGray et al., 2002)defined by the National Virtual Observatory community

O G GOWEFS implementation specification defines interfaces for data access and
manipulation operations ayeographic featuresseographic features are basically earth
related data definitions such as rivers, lakes, earthquake seismic recorifsaets.
standad service interfaces, a web client can combine, use and managkatgefsom
different sources by invoking several standard opera(igretanos, 2002)By adopting
interoperableOpen GIS $&ndards that is, using GML and standard online services
WMS and WFSYor our distributed computing research infrastructuve open the door

of interoperability to this growing community.

In addition to the domaitevel interoperability and extensibility, information
systems need cro$snguage, operating systernd platforminteroperability to enable
data sharing/federating and analysis over autonomous heterogeneous resources provided
by various organizations. Web Service standdBfsoth et al., 2004pre a common
implementation of Swice Oriented Architectures (SOA) ideas, giving us a means of
interoperability between different software applications running on a variety of platforms.
Grid computing(Foster & Kesselman, 2004; Fox, 20@Berman, Fox, & Hey, 2003)as
a converging Web Servideased architecture. By implementing Web Service versions of
GIS services, we can integrate them directly with scientific application GAi#tghnson

et al., 2005; Aydin et al., 2008)

A Web Service is an interface that describes a collection of operations that are
network accessible through standardized XML messagingger,2001) Web Services
collectively are a softwaramework that iglesigned to support interoperable machine

to-machine interactiaover a network. A typical service has an interface described in a
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machineprocessable format called the Web Service DpsSon language (WSDL)
(Christensen, Curbera, Meredith, & Weerawarana, 2@0ther systems interact with the

Web Services in a manner prescribed by its descriptgang SOAPmessages (Simple

Object Access Protocol), typically conveyed using HTTP with an XML serialization in
conjunction with other Webelated standards. Representational State Transfer (REST)
(Fielding & Taylor, 2002; Khare & Taylor, 20049 a variation of tis architecture that
replaces WSDL with standard HTTP operations (GET, POST, PUT, DELETE). REST
can be used to transmit SOAP messages as well as other formatted transmissions such as

RSS(Melamed & Keidar, 2004)ATOM, or JSONCrockford, 2006)

The major differencbetween Web Services anther component technologies is
that Web Services are accessed via the ubiquitous Web protocols sughTd3 using
Extensible Markup Language (XMigncoded messagesstead of objeemodetspecific
protocols such as Distributedo@ponent Object Model (DCOMjRedmond, 1997)
Remote Method Invocation (RMIJ'RMI," 2004), or Internet InteitOrb Protocol (IIOP)
(Kirtland, 2001) One typically builds services to be stateless and places the distributed
system state in a single state machine that aggregates clisetyitees. This simplifies
several weHknown problems indistributed object systems (such as fault tolerance),

enabling Web Serviecbased systems to have better scalability.

Adopting and combiningGIS Open Standardsnd Web Service standards and
implementingWeb Service versions of standard GIS services pepplications to span
programming languages, platforms and operating systems. It also enables application

developers to integrate the third party geospatial functionality and data into their custom
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applications easily. Also, it allows us to potentially l@rage the more general Web

Servicebased tools such as workflow engines in GIS problems.

2.2. Related Works

2.2.1.Linked Environments for Atmospheric Discovery (LEAD)

Linked Environments for Atmospheric Discovery (LEAD) is a large scale project
funded byan NSF Lage Information Technology Research grant L EADOGte go al
addressfundamental IT and meteorology research challenges to create an integrated
framework for analyzing and predictingeather at a finer grained resolution than is
currently possible The prposed framework helps researchers to identify and access,
prepare, manage, analyze or visualize a broad array of meteorological data and model

output independent of format and physical locafieamamurthy & Droegemeier, 2008)

LEAD is developing the middlewaréor adaptive utilization of distributed
resources, sensors and workflowishe LEAD distributed computing infrastructuris
constructed as @&erviceoriented architecture andedomposes into services which

communicate via weltlefined interfaces and protoc@Rlale, Gannon et al., 2006)

LEAD provides scietists with necessary tools to build forecast models using
availableboth observationsand model generated data and manages necessary resources
for executing the model. The tools includervices for accessingupercomputer
resourcesand services foautomaed search, selection and transfer of required data
products between computing resour¢Btale, Ramachandran, & Tanner, 2006ne

major feature of LEAD is support for adaptive analysis and prediction of mesoscale
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meteorological events. To provide such features LEAD data subsystem supports three
important capabilities: autortead data discovery by replacing the manual data
management tasks with automated ¢rekighly scalable data archiving system which
allows transfer of large scale data products between resources, metadata descriptions of
the available information and prated storage facilitiesand easy search and access
interfaces forhie data via a search GUI and underlying ontol@Jsle, Ramachandran et

al., 2006)

2.2.2.Geosciences Network (GEON)

The Geosciences NetworlGEON) (Zaslavsky & Memon, 2004)s a multt
university project funded by the Namal Science FoundatiofNSF) to developcyber
infrastructureto enable sharing of data sets and services in a distributed environment for
the Earth Sciences. THBEON Gridis a distributed network oGEON nodes, each of
which runs aGEON softwarestack hat includes Web an@rid services to enable users
to register data seteegister servicedgssue queries across multiple information sources,
using spatiotemporal search conditions and ontolpgies/nload data into personal
spacesinvoke analysis serges visualize output of queriesnd performanalysis. The
architectureincludes data mediation services, workflow services, and a portal. Much of
the data is geospatial and spatiotemporal in nature and provides appropriate search
interfaces, and efficienmapping interfaces for such data is an important requirement.
The GEON Grid softwarestackincludes ArcIMS (Esri, 2004)as one of its components to

provide GIS and mappirfgnctionality.

GeasciencesNetwork (GEON)provides ontology enabled applications mostly

based on data registration, discovery, manipulation and display in the GIS domain
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(Bhata, Menon, Zaslavsky, Seber, & Baru, 2003)ey also havéhe myGEON(Youn et
al., 2007)concept functioning similarly as in th€eAD, and they have data display tools

in a portal implemented by GridSphgMovotny, Russell, & Wehrens, 2004)

GEON I s b a sSerdiceOpented Ar cihi t ect ur e ( SOA) o.
information technologies are being developed ia thpr oj ect to support
searching, semantic integration, and visualization of multidisciplinary information spaces
as well adour-dimensionakcientific datasets and geospatial datse project also plans
to provide access to high performammemputing platforms for data analysis and model
execution. The GEON Portalso providesa Web-based interface to access the various

resources

2.2.3.Laboratory for Advanced Information Technology and Standards
(LAITS):

The LAITS ("LAITS," 2008) is a project of Center for Spatial Information
Science and Systems (CSISS) in George Mason dwsity. The LAITS project is
primarily working on integrating OGC Web Services with Glebased Grid technology
(Foster & Kesselmagrnl996)for geospatial modeling and applications. The objectives of
the project are enabling the management of geospatial data by Grids, providing OGC
standard compliant access to Gménaged geospatial data, and enabling geospatial
modeling and the pradtion of virtual geospatial products in the Grid environn{&nt
Chen, Yang& Zhao, 2003) For the test andemonstration of their architecture, they use
NASA EOS data environment armbveragedata provided by OGC Web Coverage

Service(WCS) (Evans, 2003) Thdr goal is to develop aompletesuite of Globushased
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GIS serviceusing OGC WCS, WMS and WE&urrently they have WCS services to

demonstrate their work.

They also have a demo to access GIS data kept in the fortovefagein
different databasesonnected to different WClastancesThese OGC compatible WCS
are implemented and wrapped as Grid services and called GWCS (Grid Web Coverage
Services)(Committee, 2001)LAITS enhanced the WCS to procdssir dimensional
HDF-EOS datawhich is in thenetwork Common Data FormétetCDB (Rew & Dauvis,
1990) In their proposed architectyrdata providers are deployed as WCSNASA
Ames, in LLNL and in LAITShosts In their GCSW (Grid Catalog Services for Web)
they store and serve infoation about theavailablecoverageservers. They use O@Cs
CSW (Catalog Services for Web) services to search tmerspecified data serveiData

transfer is achieved by using GridF{Allcock, 2003)

The brain of the system is iGSM (Intelligent Grid Service mediat6§M (Chu,
Di, & Thornton, 2006)dispatches user requesterh a WCS/WMS portal to the most
appropriate GWCS/GWMS in the Virtual Organization. Portals tasks are implemented at
iIGSM. Portals instances and datrvice providers meet at the iGSM. IGSM also does
request conversion. Geospatilita access requests froOGC WCS portal are
transferred to an appropriate format for the Grid enabled WCS (GWCS). Catalog Service

search is also done in iIGSM.

Regarding workflow or process pipelining, LAITS usavorkflow management
and execution engine catl BPELPower. Itgports BPELbased web service chain

completely.
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LAI TSO6s grid appr oach("GT4s' 2008 Is eodtraspour G| o b u
Grid approach is based on Wsinteroperability standards and Web Service principles.
The mplementation of SOA in the web environment is called Web services and in the
Grid environment the open Grid ServiceEhe web service and grid serviteve
converged with the introduction of Web Service Resource Framework (W&iRk)am,

Karmarkar, Mischkinsky, Robinson, & Sedukhin, 2Q06)
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CHAPTER 3

GIS WEB SERVICE DATA-GRID COMPONENTS

A Gegyraphic Information Systen(GIS) is a primarily a collection of datais
driven byobservations, yet a mechanism to share collected data and developed software
tools has not been widely established. The data collected are stored in several different
formats on different platforms. Software developed in the communityogsp variety
of mechanisms for accessing such data and conduct analysis on them, with little or no

collaboration and standards.

The heterogeneity of geographic resources may arise for a number of reasons,

including differences in projections, precisiaata quality, data structures and indexing
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schemes, topological organization (or lack of @phd theset of transformation and

analysis serviceisnplemented in the source.

Our proposedinformation system Grid framework is based aommon data
models GIS Web Service componentand a serviceorientedarchitecture implemented
with AIWS-10 Web Service principles. In this chapter we fpstsent theequirements for
the common data models and their advantages of usage in such a fran{€wagter
3.1). Next, we presenmotivationsand advantages @xtendingand enhancingservice
components as Web Servicts develop aSOA frameworkfor GIS (Chapter3.2).
Finally, we presenthes y st e md s gaunakfeatres iratermstof ite components,

interactions and datifow from the archived data stores to the end users (Cha@er

3.1. Geodata and Common Data Models

Geospatial data, in general, refers to a class of data #sat tgeographic or
spatial nature, e.g., the information that identifies the geographic location and

characteristics of natural or constructed features and boundaries on the earth.

Geospatial data represents real world objeatd propertieqroads, landuse,
elevation) with digital data. Real world objects can be divided into two abstractions:
discrete objects (a house) and continuous fields (rain fall amount or elevation). There are

two broad methods used to store data in a GIS for both abstractiotes: &wsVector.

Raster data is calleitoverage databy OGC. Raster data type consists of rows
and columns of cells where in each cell is stored a single value. Most often, raster data
are images (raster images), but besides just color, the value ctéar@ach cell may be

a discrete value, such as land use, a continuous value, such as rainfall, or a null value if

26



no data is available. Raster data is stored in various foraregsgfrom a standard file
based structursuch asTIFF and JPEG toBinary Long Object (BLOB) data stored

directly in a relational database management system

Common data format for the raster data in our systenour GIS system we use
image formats such as JPEG or TIFF to represent the raster data provided by third party
OGC compatible Web Map Services or Coage Portrayal Services (CP8&)ansing,

2002)

The \ector data type uses geomesiticonstructiassuch as points, lines (series of
point coordinates), or polygor(shapes bounded by lines), to represent objectthe
Ear t hos BExamples amduele property boundaries for a housing subdivision
(represented as polyggnand water well locations (represented as poiftsVector
features can be made to respect spatial integrity through the application of topology rules
such as 'polygons must not overlap'. Vector data can also be used to represent

continuously varying phenomena.

Common data format fdhe vector data in our systerfihe data model developed
by OGC is the Geography Markup Language (GMLis currently widely accepted as
the universal encoding for geeferenced data. GML is an XML grammar written in
XML Schema for the modeling, trangpoand storage of geographic information
including both the spatial and ngpatial properties of geographic featurégprovides a
variety of kinds of objects for describing geography including features, coordinate
reference systems, geometry, topoloti;me, units of measure and generalized values

(see Appendix H)
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Just as XML helps the Web by separating content from presentation, GML does

the same thingpecifically for gography. GML allows the data providers to deliver

geographic information as disct features. Usinghe latest Web technologies, users can

process these features without having to purchase proprietary GIS software. By

leveraging related XML technologies such as XML Schema, XML Data Binding

Frameworks, XSLTClark, 1999) XPath(Clark & DeRose, 1999)XQuery(Boag et al.,

2007)etc. a GML dataset becomes easier to process in heterogeneous environments.

By incorporating GML in our systems as common data format we g@veral

advantages:

1.

2.

It allows us to unify different data formats. For instance, various organizations
offer different formats for position information collected from GPS stations. GML
provides suitable geospatial and temporal types for this informainahby using

these types a common GML schema can be producedAgeendix Hfor a
sample GML.

As more GIS vendors are releasing compatible products and more institutions use
OGC standards in their research and implementations, OGC specifications are
increasinglybecoming de facto standards in GIS commun@WL is rapidly
emerging as the standard XML encoding for geographic information. By using
GML we open the door of interoperability to this growing community.

GML and related technologies allow us taild general set of tools to access and
manipulate data. Since GML is an XML dialectany XML related technologs

(such as parsersan be utilized for application development purposes.
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4. One approach to achieve machtnenachine communications and autorus
computations.

5. It enables separatirj a t rapdesentation from the context.

6. Since it is XML based, it can besed inother XML based systems and
communication protocols such as XMLHttpProtocol (in otwerds AJAX) and
Web Service¢Sayar, Pierce, & Fox, 2006)

7. Itis an approach to achieving crdasguage interoperability.

Due to the numerous advantages of using sractured data representation,
other science domains al$@mve adopted similar apmaches For examplechemistry
uses CML (Chemistry Markup Languagé}p. L. Holliday, MurrayRust, & Rzepa,
2006) Astronomy domain uses VOTable (Virtual Observatory Tal{d&liams et al.,
2002) and Mathematic science domain uses MathML (Mathematic Markup Language)

(Buswell et al., 1999)

3.2. Web Service Extensions to Standar&ervice Definitions

The proposedsIS framework isserviceorientedand has components as Web
Services These Web Servicegrovide standard service interfaces as@mmunicag with
common messages formats defined in standard specifications. By integrating Web
Services with Open GeograpHstandards, we support interoperability at both data and

application levelhnd have the common advantages of SOA architectures listed below:

Distribution: It will be easier to distribute geospatial data and applications across

platforms, operating systemspmputer languages, etc. They are platform and language
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neutral. Web services can be used on different platforms than those on which they were

implemented.

Integration It will be easier for application developers to integrate geospatial
functionality anddata into their custom application&or example, there are many tools
in various programming languages that cagate client stubs from WSDL filékat can
be used tanvoke the services. Web Servibased frameworks are loosely coupled and
component nented. Because of the standard interfaces and messaging protocols the Web

Services can easily be assembled to solve more complex problems.

Infrastructure We can take advantage of the huge amount of infrastructure that is
being built to enable the Web @&es architecturd including development tools,
application servers, messaging protocols, security infrastructure, workflow definitions,

etc.

The OGC Web Feature Service iementation specificatiofVretanos, 2002)
defines HTTP as the only explicitly supportddstributed computing platformThis
requiresthe use of one of the two request methods: GET and POST. Although SOAP
messages are also supported, timst betransported usinghe HTTP POST method.
However employing the HTTP protocol and GET or POST intuces significant
limitations for both producers and consumers of a service. As discussed above Web
Services provide us with valuable capabilities such as providing standard interfaces to
access various databases or remote resoutbesability to launth and manage
applications remotelyand the ability tacontrol collaborative session®evelopments in
the Web Services and Grid areas provide us with significant technologies for exposing

our resources to the outer world using relatively simple yet paWerferfaces and
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message formats. Furthermgogsemetimes we need to access several data sources and run
several services for solving complex problems. This is extremely difficult in HTTP
services but rapidly developing workflow technologies for Web anddGservices may

help uscombineseveral servicesmto composite applicationgor these reasons we have

based ouimplementation of standard GIS servicesWeb Services principals.

Moreover,complex scientific applications require access to various stateces
and run several services consecutively or at the sameSime his is not in the scope
of HTTP but can be supported using rapidly developing workflow technologies for Web
and Grid Servicesve have based our implementasa@n Web Services praipals. Our
goal is to make seamless coupling of GIS Data sources with other applications possible in

a Grid environment.

GIS systems are supposed to provide data access tools to the users as well as
manipulation tools to the administrators. In princigie fprocess of serving data in a
particular format is simple when it is made accessible as files on an HTTP or FTP server.

But additional features like query capabilities on data ortreed, pushstyle access in a

streaming fashion require more complicht@pproachesAs the complexity of the
services grows, the clientds chance of eas
every proprietary application developed for some type of data require its own specialized
clients. Web Services help us overcatimis difficulty by providing standard interfaces to

the tools or applications we develop.

No matter how complex the application itself, its WSDL interface will have

standard elements and attributes, and the clients using this interface can easily generate
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methods for invoking the service and receiving the results. This method allows providers

to make their applications available to others in a standard way.

Most scientific applications that couple high performance computing, simulation
or visualization cods with databases or re@he data sources require more than
simplistic remote procedure call message patterns. These applications are sometimes
composite systems where some of the components require output from dthieey are
asynchronous, it mayke hours or days to complete. Such properties require additional
layers of control and capabilities from Web Servjedgsich introduces the necessity for a

messaging substrate that can provide these extra features.

3.3. System Framework andWeb-ServiceComponents

Our proposed GeographioformationSystem is based on common data models
provided by standard service components and their service inte(fegasr, Pierce, &
Fox, 2005a) Service iteractionsstart with a discovery steghat involves retrieving the
capabilities documentA capability document is an XML encoded metadata file about
both the service and data. Its formats and schema are defined by Open Geographic
Standards (OGC specifitans) ("OGC Schema," 2008 5ample capabilities documents
are given in AppendibC for WMS and AppendixD for WFS All the interactions and
service bindings are done through capability exchange. So, each service keeps its own
capability definng its data providing and available operations on these data. For the
sample interaction steps between WMS and WFS to get feature data from WFS, see

Chapter3.3.1
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The proposederviceorientedGISis illustratel in Figure2. It is composed ofwo
majortypes ofGIS Web @rvices(see ChapteB.3.1). These ar&/eb Map Serviceand
Web Feature Service®ptionally, in order to fid and bind services iserviceoriented

architecture, system can also be extended egithlogandregistry services.

p—

Event- J \J
(R Binary-- WMS GML WFS
interactive GML ‘ (mediator)
map tools ML rendering :
getCapability (- getCapability
getMap getFeature-.
getFeaturelnfo DescribeFeatureTybé“*~~\\

Figure 2: GIS framework with the proposedWeb Servicecomponents and data flow See alsd-igure
3.

In the system there amdsotwo types ofcommondatamodel. The first one is
provided by WFS irKML -encoded GML datéormat, andthe second one is provided by
WMS in binary map imaged-or more detail about the common data models and thei

usage advantages seection3.1

3.3.1.Web Feature Service

The Web Feature Service is one of the major service standafased by Open
GeographicStandards (OGClor creating a GIS framework he Web Feature Service
implementabn specification defines interfaces for data access and manipulation

operations on geographic features using HTTP as the distributed compuotiocol Via
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these interfaces, a web user or service can combine, use and manafgagiEom
different source by invoking several standaogerationgVretanos, 2002)

OGC specifications describe the state of a geographic feature by a set of
properties where each property can be thought of as a [name, type, value] tuple.
Geographic features are those that may haveast lone propertjhat is geometry
valued. Thisalso implies that features can be defined with no geometric properties at all.
According to the Open GegWrsmestpnhinimalypsvidendar d 6
three operations getCapabilities describeFetureType and getFeature The more
advancedransactional WF3nustprovidetwo more service interfaces;ansactionand
lockFeature In our research framework, we assume that the WFS instances are provided.
However, to understand the relationships of theS/fistances to WMS and federataotr
instances, we summarize the WFS standard operations péletanos, 2002)

- GetCapabilities A Web Feature Service must beahd describe its capabilities.
Specifically, it must indicate which feature types it can servicevamat operations are
supported on each feature type.

- DescribeFeatureTypeA Web Feature Service must be able, upon request, to
describe the structure of any feature type it caneserv

- GetFeature A Web Feature Service must be able to service a stqueetrieve
feature instances. In addition, the client should be able to specify which feature properties
to fetch and should be able to constrain the query spatially andpadially. Features

are instances of Feature types.

lllustration of client -saver interaction: WFS servicesod® clients

Map ServicesCl i ent 6 s i nteraction with WmwBchusuall
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involves retrieving the capabilities documewk. client first sends agetCapabilities

request to the WFS server learn which feature types gpeovidedand what operations
aresupported on each feature tydong with anyconstraintslUpon receiving the list of

available feature data available with their specific properties (given in capability file of
WES), client sends alescribeFeatureTypequestd get the structure information of the
interested feature typedrinally, client makesa getFeaturerequest with appropriate
request created based on clientds Thair pose

most common queries used afeetFeatureequests to retrieve particular features

Chient WES
T GetCapabilities Request .

Capabilities Document

T DescribeFeatureType Request I

Feature XML Schema

GetFeature Request

GML FeatureCollection Document

Figure 3: lllustration of client (WMS)-WFS interaction steps to get feature data.
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Figure 3 illustrates three groups of coupled bars representing client and WFS
interactions.

The first group of request/responsgessagesat the topillustrates capability
exchange between client an GetCambiltesservice Thi s
interface. The clients (Web Map Server or users) start with requesting a capabilities
document from WFS. When@etCapabilitiesrequest arrives, the server may choose to
dynamically create a capabilities document and returns this, or simply return a pgeviousl
createdXML document.

The second group of request/respomessages) the middle explains requesting
structured information (schema) about the interested feature data listed in capability
met adata of WF S. Thi s | describe€daturefpeesdrvichy U S |
interface. After the client receives the capabilities documentcan request a more
detailed description for any of the features listed in the WFS capabilities doclpent.
invocation of this service interfac®/FS returns an XML Schema thdescribes the
requested feature as the response.

The third group of request/respormeessageat the bottom oFigure 3 illustrates
a request for feature data based on wdmed constraints in an appropriatguest
format. Thi s i sgetfeatnresentich interfacg. Afte&iiStawo steps
are completethe client may themequest thaVFS to return a particulgportion of any
feature datagetFeaturerequests contain some property names oféhéufe and a Filter
element to describe the query. The WFS extracts the query and bounding box from the

filler and queries the related database(s) that holds the actual features. The results
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obtained from the DB query are converted to that particularfeat6 s GML f or mat
returned to the client asFeeatureCollectiorobject.

A WES allows clients to access and manipulate the geographic features without
having to consider the underlying data storése d i ent sdé6 only view o
through the WFS iterface which allows the data providers to integrate various types of
data stores ith one WFS instancé&igure?2 displays this instanceghere the WFS server
is accessed by different types of clients and hassacte various types of spatial
databasedile systems and antype of storagesClients interact with WFS by submitting
database queries encoded in OG{ieFIEncoding Implementatiof/retanos, 2001and
in compliance wh the Common Query Langua¢fao, Percivall, & Enle, 2000) The
query results are returned as GMEeatureCollectiondocumentsin this context, WFS
al behave as mediator services to provide feature data icommon data model
(Geographic Markup Language) through standard service interfaces. Fachhecdl
details about implementing Web Service based WF$%/sahbn, 2007)

In order to make WFS like services more clealyour mind we can givean
example from the other well known domain, Astronomy. IAstronomy domain,
SkyServergPurger, Budav ari, Szalay, Thakar, & Csabail, 2@@4ye the same puose
as WFS serve in GIS domain. SkyServer provides a range of interfaces to underlying
Microsoft SQL Server. Clients interact with Srvers(group, 2005)using ADQL
(Astronomical Dad Query Language) based SOAP interface returning VO T&leial
Observatory Tablepased results.VOTable is GML like XML structured data format
carrying content and presentation information for the dataAf2QL is an SQLlike

language used by the N0 represent astronomy queries posted todd@ services
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3.3.2.Web Map Service

Web Map Service WMS) (Beaujardiere, 2004fKolodziej, 2004)is the key
servicefor information visualization ithe GIS domain WMS produces maps froivoth
vectorencoded and binary data. The vector data is GML and is obtained from requests
to WFSinstances. Bary datacan be obtainetfom Coverage Portrayal Services (CPS)

(Lansing, 2002and other Web Map Servers

A map is not the data itself. Maps create information from raw geographic data,
vectordata,or coverage data. Maps are generally rendergqalciiorial formats such as
JPEG(Joint Photographic Expert Group), GIF (Graphics Interchange Forard@NG
(Potable Network Graphicgfdler et al., 2003)WMS also produces maps fromotor
based graphical elements in Scalable Vector Graphics (¥@Jersson & others,

2003)

Web Map Service (WMP enables visualizing, manipulating and analyzing
geospatial data through maps displayed on browser based interactive GGhégeer
3.3.3. Map Servers typically compose maps in the layers. The layers may come from
distributed sources: Web Feature Services provide abstract feature representations that
can be converted to images, and other Map Servers may contribute map MAgBsA 0 s
OnEarth WMS is an exampl(OnEarth,” 2007) WMSs can be federated and cascaded
to create more detailed and comprehensible map imégediscuss this in greater depth

in Chapter 4.

WMS provices three main services (Appendix;Ahese aregetCapabilities
(Chapter 3.3.2.1, getMap (Chapter 3.3.2.9 and GetFeaturelnfo (Chapter 3.3.2.3.

GetCapabilitiesandgetMapare required services to produce a mapGritFeaturelnfas

38



an optional serviceThe implementation details and service interfaces are given in the

following two subsections.

3.3.2.1. GetCapabilities Services

The purpose of thgetCapabilitiesoperation is to obtain service metadata, which
is a machineand humarr eadabl e description of the ser
acceptable request parameter vallggure5 preetsthe getCapabilitiesequest schema.

WMS provide its data in the layer formdthe GetCapabilitiesrequestand the
corresponding service interfa@dlow the server to advertise its capabilities such as
available layers, supported output projections,psuied output formats and general
service informationBefore a WMS Client requests a map from WMS, it should know
what layers WMS provides in which bounding box€Eke capability file is kept in the
local file system and sent to clients upgetCapabilitesrequest (se€igure4). For the

samplecapabilities file instances s&®ENDICESC andD.
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WMS Client WMS

GetCapabilities - | RequestHandler
parses the request

and gets parameters

KX TTPN WUT 0, oMY UTETRE “Mnp S ot un o0 SO IS, O
wenlae’ 1 =y

If the request is ok
then return the
Capabilitiesfile in
xml format

F 3

MR S o B sk s e st

e L T L E R TR i LI
« Gt « ST DL Ty

Figure 4. GetCapabilities operation steps. See Appendix C for a sample WMS capabilities file
instance

“version

“service

Enem:e;:ttin:ms

GetCapabilities E]—(-“'-E— F;c;b@e;egn;peﬁ‘
{ - (3| RegEntry |

‘H‘-" ‘J

?

i

----------

Figure 5: GetCapabilities Request Schema. See Appendix A for an instance of thequest schema
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3.3.2.2. GetMap Services

The getMapservice interface allows the retrieval of reallaps ae provided in
different various formats based on udefined parameters and layer attributél.the
supported formats for mamage layersand corresponding layer specific attributes and
constraintsare defined in WMS Capabilities documeBefore invokng getMapservice
interface, clients first obtainapabilities document by invokingetCapabilitiesservice
interfaces (see Chapt83.2.1). The image is returned back to the WMS Client as an
attachment to SOR messagelf the WMS encounters any problem during handling of

the request, it sends an exception message in SOAP back to the WMS Client.

The major operation steps to produce maps are illustratdeigare 6. GetMap

requesschema to create valid requestgiien inFigure?.
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[Check capability.xml & request
parameters together] Determinethe
queried layers, coresponding feature
data and WFSs providing them

WMS

TOK

GetMap

RequestHandler
parses the request
and gets parameters

Client map tools

WMS first parses the request and gets the parameter valBtS first
determines what layers are requested, in which bounding box, in which form, and so
forth. After determining all the request parameters, it communicates with WFS services
providing requested feature data by using thgetFeature service interfaes and

requested feature data in GML format. If the parameter defining returned image format in

Create GetFeature
Requests forthe
requested Layers
with appropriate
parameters to WFS

Renderimages
accordingto the
values of the geometry
elements and request
parameters

<

Extractall the
geometry elementsin
retumed GML
[points, polygon, line-
string, IinegrRing etc]

GML

Query conversion _|
from GetFeature

to SQL

Results conversions
from relational tables
fo GML

Y

Figure 6: GetMapoperation steps.
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getMaprequest is Scalable Vector Graphics (SMBbwler et al.,, 2001)then WMS
creates SVG from returned feature data by using its geometry elements. If the requested
image is not in SVG format, we first create the SVG image and then conved thée
desired image formats (such as PNG, GIF, or JPEG). Apache Batik provides libraries for
this conversion. Batik is a Java(tm) technology based toolkit for applications or applets
that use images in the SVG format for various purposes, such as vigemegation or
manipulation. By using these schema files we derive geometry elements from the GML
file to visualize the feature data. These geometry elements in GML are baBicaty

Polygon LineString LinearRing MultiPoint, MultiPolygon MultiGeomdry, etc.

To create the images from the features returned from the WFS, we have used Java
Graphics2D and Java AWT libraries. For each layer we create a different graphics object.
If you assign each layer to different graphics object than Java libraliee wbu to

overlay these graphic objects in various combinations.

Alternatively, WMScanuse SVG conversion to create magage layers. When
this way is used, WMS uses its internally defined XSL file to convert standard GML files
into SVG by using XSLT mdtgne. We developed standard XSL ($agure 13) file to
convert XML coded GML feature collections into SVG files. After having SVG, these
image objects then converted into any image format such as JPEG, PN dc.

(Sayar, Pierce, & Fox, 2005b)
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~service

“exceptions

| ows:MapType

(GetMap [ —-— =

=== === a

L - +~BGColor !

Figure 7: GetMapRequest SchemaSee Appendix A for an instance of this request schema

Below is the sample code fragment showing howekdract geometry elements
from GML and overlay it on a raster map image a separate layer. In this simple
pseudecode, theaster data coesfrom anHTTP Servlet based WMS server (defined in
URL), andthe other data represented as features are coming from our implementation of

WFS Using a layer from some other WMS is definedOGC specifications ands
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known as cascading WMS behaving as a client to another WMS is called cascading
WMS, andthelayer used is called cascaded lay#e will exploit and extend cascading

in our federation approach.

URL url = new URL(
2 Y&l RRNEB & a tétMapbvipttz8a G 1
width + "&height=" + heigth +
"&layers="+layername+
¢gaief SarsaNar ot { DYnoHcaFT2NNXI GTIébF 2N

bbox);
Bufferedimage im = ImagelO.read(url);
Graphcs2D g = im.createGraphics(); Check all the
X geometry

if(istherePoint) ::Iements 'indGML
or a querie

String[] points = getPointsFromFeatureData(); region of the map
if(isthereLineString) Point, LineString

String [] LineStrings = getLineStringFromFeatureData(); = Polygon etc.
if(isthereLineRing)

String [] LineRings = getLineRingFromFeaturePata(

if(istherePolygon)

String [] polygons = getPolygonsFromFeatureData();
X If you find any geometry
if(polygons!=NULL){ data above such as Points

LineStrings, convert the

for(int i=0; i<polygons. length; i++
( PO J i numbers in the GML file

int ints = wm.getXYpoints(pol i;

In D'E]fopmcn) SI \évmkgg _po'n s(polygons{il); for the feature data into
g.setColor(Color. ark ray); _ _ appropriae format to
g.drawPolygon(xypoints[0]ypoints[1], xypoints[0].length);  yra\ shapes for

} representing these
} geometry elements and
if(LineRings!=NULL){ display them by using

graphics2D object. If you
use the same grpahics2D
data the layers will be
overlaid.

for(int i=0; i< LineStrings. length; i++){
int [][] xypoints = wm.getLinesInStr(LineStrings|i]);
g.setColor(Color.darkGray);
g.drawPolyline(xypoints[0], xypoints[1], xypoints[0].length,
}

}
X
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g.dispose();

Figure 8: Sampleoutput of the above map images generating ced

How to send binary map images with SOAP messagés JAVA) :
1. Server side:
SampleJAVA client codebelow shows how toattach a map image to SOAP
message in response getMaprequest. We assume map image name is maimage.jpeg.
The WMS server first creates a data handler from the image arglitcastan object, and

thenreturrs.

Object map = file2DataHandlerObjg&PPLPATH+"/magmage.jpeg™);
public Object file2DataHandlerObject(String filePath) {

try {
DataHandler dhSource = new DataHandler(new

FileDataSource(filePath));
return (Object) dhSource;
} catch (Excepion ex) {
ex.printStackTrace();
return null;

}
2. Client side
Client hasc |l i en't stubs for WMS ser v iWele s cr

Service Description Fil@NVSDL). It uses its client stub® get the map as an attachment
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to SOAP message. It first extracts the attachment and then data handler from the
attachment. It created map images as byte array through data handler.

java.lang.Object value = null;
value = bindinggetMagrequest);

byte[] bs = nulj
Object[] attachments = binding.getAttachments();

for (inti = 0; i < attachments.length; i++) {
AttachmentPart att = (AttachmentPart) attachmentsi];
DataHandler dh = att.getActivationDataHandler();
BufferedInputStream bis = new BufferedInputStream(dh.getinputStream());

bs = new byte[bis.available()];
bis.read(bs, 0, bs.length);
bis.close();

3.3.2.3. GetFeaturelnfo Services

The GetFeaturelnfmperation is designed to providikents of a WMS with more
information about featuresver the map imagethat were returned by previous Map
requestsGetFeaturelnfds used when a user needs further information about any feature
dataon the maplts returntype ishumanreadable text oHTML, which is defined as
request parameteBeeFigure?7 for general schema for creation gétFeaturelnfoquery

instances

The GetFeaturelnfo works as folloysee alsd-igurell):
The user supplies (x, YQartesiancoordinates and the layers of interest and gets

the information back in the form of HTML, GML or ASCbrmat.
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The basic operation provides the ability for a client to specify which pixel is being
asked abot, which layer(s) should be investigated, and what format the information
should be returned in. Because the WMS protocol is statelesSetReaturelnfaequest
indicates to the WMS what map the user is viewing by including most of the original
GetMaprequest parameters (all but VERSION and REQUEST). From the spatial context
information (BBOX, CRS, WIDTH, HEIGHT) in thabetMaprequest, along with the x,

y position the user chose, the WMS can (possibly) return additional information about
that position. The actual semantics of how a WMS decides what to return more
information about, or what exactly to return, are left up to the WMS provider.

Figurel1l illustrates the successive process steps done by the WMS$rtmden
getFeaturelnforequests.After checking the request parameters with the capability
metadata, WMS creates appropriggetFeaturequeries to fetch the GML data from
WEFSs. After getting the feature collections data from the WFS, WMS extracts all the
norrgeometry elements and attributes in the returned GML files and create another text
or HTML file based on request parameterd create the response dgetFeaturelnfo
query in accordance with the return parameter defined by the client in the Gbery.
paametercalledi | N FORMATO defines the return format whose possible values are
plain textfiles, HTML and GML.

For thegetMaprequest WM Sxtractsgeometry elementisom the returned GML
file but for thegetFeaturelnfat extracts norgeometryelementsFrom the list of non
geospatial elements, WMS creates a new XML file to be able to transforgeoometry
elements into HTML. This XML file is simply another form of GMlthich includes just

nongeometry elements, properties and attributes. After creagmgXML file from the
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nongeo elements, WMS creates HTML file from newly created XML file by using
generic XSL("XSL," 1999) file and XSLT transformation machinEigure 10 explains

the general architecture of creating a response from the GML file through generic XSL

stylesheet file given ifkigurel3.

__ﬁinfn - Windows Internet Explorer
& bt Poro,ues.indiana edu: 8083/ sa8/maptoals info spTpoinkem10S8painty= 109 [

CGL WMS 1.1.1 - Feature Informations

cglname = Gresmille
colseqment=6.0
o s P> cotautior = Runde J 6.

cgkname = Greenyille
cglsegment=7.0
colauthor = Rundle J. B.

(€) [ CELWMS 1.1.1] - Wed Apr 18 14:17:26 EDT 2007 o

3,197 10k 6,394 384m 9591 574m 12,78 Dong | & Internet

Figure 9: A snapshot ofresponse togetFeaturelnfa It is actually an attribute querying of earthquake
seismic data layer shown on the map image.

[t st imonetbobee N 4

CGL WMS 1.1.1 - Feature Informations

{61 CLWMS 111 |- Tos My 3 0205:43 EST 2005

& tore | A Local rwret

HTML

Request parameters
for filtering GML

Stylesheet (Figureld)

Figure 10: Creating getFeaturelnforeponse by using a stylesheet and XSLT pressor. Seéigure 10
for generic stylesheet for GML.
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[Check capability.xml & request WMS
parameters together] Determine the
queried layers, coresponding feature

dataand WFS providing them
NS Clinsk T OK
XSLTtransformation
Requeirt] Handler Using XSLfileand
L parsesthe request Document object
GetFeatureInfo=r=—r"_ | gets parameters ||| oreated belon

create HTML file

E@ Create GetFeature T
CGL WMS 1.1.1 - Feature Informations ; Reques’ts forthe Extract all the hon-
requested Layers  [€ | geometry elements
o e o with appropriate and attributesin
o parameters returned GML
L;!s«rm:SJ
Eﬁk"ﬁm ‘GM
) L W 111 - Tow oy (06,3 E51 205
W= [Tl R ; ks
Query conversion _| _L Results conversions
from GetFeature fromrelational tables
to SQL to GML
Client map tools

WFS

Figure 11: GetFeaturelnfooperation steps
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~“version
~service
~exceptions

.........

;
-+ Map

..........

-+ Image [

|
[ GetFeaturelnfo E]_(*“'E_. : : '_'_'_'_'_'_'_'_'_":"" I

A StyledLayerD eschnptoris a
sequence of styled layers,
represented

at the frst level by
NamedLayer and UserLayer
elements.

.............

...............

L_;E,‘
by

-—————
' | ows:Vendor |
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Figure 12: GetFeatuelnfo Request SchemaSee AppendixA for an instance of this request
schema.
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<xml version="1.0" encoding="UTF-8" 7>
- «xsl:stylesheet version="1.0" xmins:xsl="http:/ /www.w3.0rg/1999/XSL/Transform" xmins:cgl="http:/ /www.commui
xmins:gmi="http://www.opengis.net/gml">

- <xsl:template match="cgl:FeatureCollection">
- <html>

<meta content="" />
- <body bgcolor="#FFFFFF">
- <table align="center" bgcolor="#DDDDDD" border="0" cellspacing="10">
- <tr>
- <td>
- <h2>

<font face="Helvetica, Arial, sans-serif* color="#FF0000">CGL</font>

<font face="Helvetica, Arial, sans-serif* color="#566D7E">WMS 1.1.1 - Feature Informations</font>
¢/h2>

- <table border="0" width="500" cellpadding="0" cellspacing="0">
<xsl:apply-templates select="gml:featureMember’ />
</table>
/>
- <font face="Helvetica, Arial, sans-serif* size="-1">
(c)[CGLWMS 1.1.1]-
<script LANGUAGE="JavaScript’>var now = new Date(); document.write( now );</script>
</font>
¢td>
tr>
¢[table>
</body>
</html>
</xsl:template>
- <xsl:template match="gml:featureMember">
- <tr>
- «xshif test="position() mod 2 > 0">
<td bgcolor="#AFC7C7" width="30" />
- <td bgcolor="#AFC7C7">
<br />
- <xsl:for-each select="./child::*">
- <font face="Helvetica, Arial, sans-serif' color="#806517">
- «xsl:for-each select="/*">
<xsl:value-of select="name( . )" />

<xsl:value-of select="." />
<br />
¢/xsl:for-each>
</font>
¢/xsl:for-each>
<br />
</td>
</xsl:if>
- <xsl:if test="position() mod 2 =0">
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<td bgcolor="#95B9C7" width="30" />
- <td bgcolor="#95B9C7">
<br />
- «sl:for-each select="./child::*">
- <font face="Helvetica, Arial, sans-serif' color="#805817">
- sl for-each select="./*">
<slivalue-of select="name(. )" />

<slvalue-of select="." />
<r />
¢/xsl:for-each>
¢/font>
¢/xsl:for-each>
ar />
¢tdy
¢[xsl:if>
gtr>
</xsl:template>
¢/xsl:stylesheet>

Figure 13: Generic XSL file for HTML creation from the GML in order to create responses for the
getFeaturelnfa

3.3.3.Browser eventbased hteractive Map Client T ools

Interactive information visualization tools provide researchers with capabilities to
interact with the complex systems seamlessije developedhtese tooldor interacting
with standard Veb Map Servers developed in Open Geographic Standards providing
OGC compatible online servicesich asgetMap getFeaturelnfoand getCapabilities
The tools providetructuredmulti-layered map imagetdisplay Figurel5andFigurel16).
Structured data display is composed of multiple Igyansl each layer is defined the
correspondi ng WMS s.dsdiscussedfprevioasigapabilities filst i e s

are metadat defining service anddata togethef=or WMS, the data are definedlagers
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(see Appendix C). FOWEFES, the datasets aredefined as feature collections (see
Appendix D) Client toolsenable users and decision makers to interact with the system
through nteractive everbased map seamlessly and easily by hiding the system
complexity. These toolsalso enable queryingf the vector data in the muHlayered

structured map images shown on the scfgerFigure9). Theydosoby wusi ng WMS®O

standardyetFeaturelnfaservice interface.

Several capabilities are implemented for the user to access and display geospatial
data. The client tools enable the user to zoom in, zoom out, measure distance between
two points on themap for different coordinate reference systems, to get further
information by makinggetFeaturelnforequests for the attributes of the features on the
map, and drag and drop the map to display different bounding boxes. Users can also
request maps for therea of interest by selecting predefined optiopslicking the drop
down list. The user interface also allows the user to change the map sizes from the drop
down lists Users can alsgive specific dimensionfor the desired map siz€oomin
and zoorrout features let the user change the bounding box values to display the map in
more or less details. Each tirm@ser changethe bounding box valuetheuser interface

shows the updated bounding box values at the each side of the map.

The poposed clientools aregeneric anccapable of interacting with angther
WMS and WFS developegiccording toOpen Geographic Standard®ur GIS portalis
deployed intoApache Tomcat"Apache Tomcat Project,” 20Q8)Ve have implemented
several capabilities for the decision makers to access agrieit geedata seamlessly.

Our GIS portal is built up with the various technologieluding Java, Java Servigt
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Java Server Pages (JSP), J8caipt, and Cascading Style Sheet€%9 (E. A. Meyer,

2006)

Figure 15 showst h e p mteractve map tools and user interface enabling
interactive data accesguery and display over integrated dat@ws (map images The
samplemap in the figure shows California earthquakésmicdata superimposed ovar

Google Map"Google Map," 2005)mage

Figure 16 showsapplicationbased decisiemaking toolsextendedrom generic
map tools.Our client interface ystem is modular and can be updated according to the
application requirements in terms of parameters and output rédudtsmple projet in
the figure superimposeearthquake forecastgenerated by thé&attern Informatics

(Nanjo, Holliday, Chen, Rundl& Turcotte, 2006 ppplicationover Google maps.

Map layers (their orders, numbers, attributets.) are manipulated through the
parts A, C and OFigure 16). Application output is manipulated through part Bt a
utilizesthe parameters given in part A. Part C is the output screen and enables interactive
manipulation of the layers and interaetiguery of the feature data on the m&art E is
used for animating successive static map images to create map fnowiesme series
feature dataPart A enables userstoseh e pr o b | e mo, snaplsiaey spetificn g b o
regions if zoomng in, the layers to be overlgidnd project to work with. Part D consists
of map tools enabling zooin, zoomout, drag and drop,na data query of the map
displayed in Part C. Part B enables users to enter parameters spebdéGan Science
application. For examplefor the Pattern Informatics applicatigiNanjo et al., 2006)
users should ent sn zaediid | Priz@e @ sn@careddslyeniosei n

from one projectto anotheby using dropdown list at the togeft corner.
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Here arethe listings of the major generic action listeners for the -osgy

interactions (se€igurelb).

<event controller>
<event name="init" classPathlInitListener" next="map.jsp"/>
<event name="REFRESH" classRathlInitListener" next="map.jsp"/>
<event name="ZOOMIN" class+ath.InitListenel' next="map.jsp"/>
<event name="ZOOMOUT" classRath.InitListenérnext="map.jsp"/>
<event name"RECENTER"class=Pat h. | ni t £fmap.js@E/m er inext
<event name="RESET" classPath.InitListenet' next="map.jsp"/>
<event name="PAN" class®ath.InitListenef next="map.jsp"/>
<event name="INFQO" class#ath.InitListenef next="map.jsp"/>
</event controller>
Event #Ainito sets all to ini tOGMIN',openin
"ZOOMOUT", "RECENTER", "RESET" and "PAN" causgetMaprequest to WMS to

get l ayers in map | mgeagreatureinféEequest to gdt futhBrOo c a

information about feature data displayed on map images.

1
3 Random select
Panningmove SIS
9 based
_ dynamic
Zoontin map tools
Refresh/recenter

Zoomout

Figure 14: lllustration of major event types
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INTERACTIVE SCREEN
I
-ACTION LISTENERS !

EVENTS

Figure 15: Event-based interactive map tools capable of interacting wh any map server developed
in Open Geographic $andards.
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