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Introduction

Spatial Data Warehouse (SDW) and Spatial OLAP (SOLAP) tools [START_REF] Malinowski | Advanced Data Warehouse Design: From Conventional to Spatial and Temporal Applications[END_REF] have been developed for exploring and synthesizing huge volume of geo-referenced data. These systems rely on data that are extracted from external official data sources, cleaned, transformed and loaded in the spatial data warehouses by means of ETL tools (Extract-Transform-Load) accordingly with a spatio-multidimensional model. SOLAP has been effectively used in several different applications domains (such as health, urban, marketing, environment, etc.) [START_REF] Bernier | Easier surveillance of climate-related health vulnerabilities through a web-based spatial olap application[END_REF]. New technologies for geospatial positioning, web mapping, wiki tools have led to collaborative web-based maps systems that allow experts and amateurs (volunteers) to create and share themed oriented geographic information in using tools such as OpenStreetMap. This has led to the concept of Volunteered Geographic Information (VGI) that has been defined as "the harnessing of tools to create, assemble, and disseminate geographic data provided voluntarily by individuals" [START_REF] Goodchild | Citizens as sensors: The world of volunteered geography[END_REF]. Along this line, VGI systems have already proved useful for risk monitoring situations [START_REF] Goodchild | Crowdsourcing geographic information for disaster response: A research frontier[END_REF], or more generally for geographical applications where recent data, knowledge and participation are necessary in the decision-making process [START_REF] Roche | Geoweb and crisis management: issues and perspectives of volunteered geographic information[END_REF]. However VGI data have some drawbacks: data quality (data precision and data credibility) [START_REF] Flanagin | The credibility of volunteered geographic information[END_REF] [START_REF] Galindo | A quality approach to volunteer geographic information[END_REF], metadata are scarce, and data do not always comply with "official data" [START_REF] Gouveia | New approaches to environmental monitoring: the use of ICT to explore volunteered geographic information[END_REF]. Moreover, VGI systems do not provide any technique to handle efficient analysis of historical data [START_REF] Roche | Geoweb and crisis management: issues and perspectives of volunteered geographic information[END_REF], which could be mandatory for understanding and explaining current geographic phenomena [START_REF] Bernier | Easier surveillance of climate-related health vulnerabilities through a web-based spatial olap application[END_REF]. Consequently, there is a need for integrating VGI into SOLAP. (Un)Fortunately warehousing and analytics methodologies provided by existing SOLAP systems are not able to handle VGI data since they are conceived for well-known official data [START_REF] Vassiliadis | A Survey of Extract-Transform-Load Technology[END_REF] [START_REF] Daniel | Managing Data Quality in Business Intelligence Applications[END_REF]. The work described in this paper aims to fulfil this need.

The contributions of this paper are as follows:

1. We provide a comparative analysis of SOLAP and VGI systems according to some important criteria such as data, analysis, architectural issues. This work is mandatory for a better comprehension of crucial theoretical and implementation issues that are raised by the integration process. 2. We detail issues related to the integration of VGI data in the SDW development process. Thus we propose a new methodology that takes into account the credibility of VGI data in the warehousing and on-line multidimensional analysis phases. In particular, we propose a novel ETL operator based on the credibility of the VGI data. 3. We propose some new SOLAP measures that allow decision-makers to explore VGI and official warehoused data according to the degree of awareness they tolerate the bad quality of VGI data. 4. Finally, in order to show the feasibility of new ETL operators and measures, we present an implementation in a classical Relational SOLAP architecture.

This paper is organized as follows. Section 2 highlights differences between SOLAP and VGI, followed by a description of an application scenario in Section 3. In Section 4, we discuss our quality-based approach, while, in Section 5 we describe our implementation.

SOLAP and VGI: A Comparative Analysis

In this section, we provide a comparative study between SOLAP and VGI along the line of data and architecture (Table 1). SDW are populated using conventional and spatial data, i.e., SDW contain data that could be natively stored in a Spatial Database Management System (DBMS). VGI is defined as a set of geographic information (spatial and alphanumeric data) coupled with contextual multidimensional and textual information (i.e. complex data such as photo, video, comments, etc.). This means that SOLAP data can be considered as a subset of possible data types provided in VGI. Despite of this apparently important divergence, (S)OLAP literature covers work that aims to integrate complex data as contextual multimedia information for warehoused spatial data and OLAP analysis. For example, [START_REF] Pérez-Martínez | Contextualizing data warehouses with documents[END_REF] integrate textual documents in data warehouse to enhance and extend OLAP analysis. Data historicity is another difference between SOLAP and VGI systems. Indeed, as for classical transactional systems, VGI systems have been designed for sharing and publishing data in a real-time fashion [START_REF] Roche | Geoweb and crisis management: issues and perspectives of volunteered geographic information[END_REF]. Warehoused spatial data is loaded in the SOLAP systems with a very low frequency because (i) during the processing of data sources, data must be cleaned and transformed in order to comply with the spatial data warehouses schema while getting rid of quality problems and (ii) setting up techniques that grant good performances (indexes, materialized views, etc.) may be a very time consuming task.

Different criteria have been proposed to assess spatial data quality: lineages, positional precision, attribute precision, temporal precision, data completeness and logical consistency [START_REF] Devillers | Fundamentals of Spatial Data Quality[END_REF]. It is difficult to assess all these criteria for VGI data. In particular, completeness depicts the omission and completeness in information. Several works have been proposed to address completeness in data warehouse storage and querying [START_REF] Dyreson | Incomplete information in multidimensional databases[END_REF]. In SOLAP systems, evaluation of data completeness is easily achieved by means of the experts' knowledge since the data sets that are mandatory in the decision-making process are known at the SDW design stage. On the other hand, in a VGI project, assessing the completeness is a critical issue: as stated in [START_REF] Maué | Quality Of Geographic Information Patchworks[END_REF] the interesting area for volunteers can be as huge as the number of volunteers and it is not possible to force volunteers to provide needed data.

In [START_REF] Galindo | A quality approach to volunteer geographic information[END_REF] authors define VGI precision: for spatial precision a GPS or a reference map can be used; for attribute precision authors advocate the need for automatically collecting information and using the density of similar messages to define data reliability. Precision issues can also be raised in SOLAP systems: precision can be defined as a schema compliance ratio, i.e., how much the data sources schemas comply with the spatiomultidimensional schema, or simply as precision of the datasets. Schema precision is simply handled during the conceptual SDW design phase, where according to the datadriven design approach the spatio-multidimensional schema is created using only sources schemas that match decision-makers needs [START_REF] Malinowski | Advanced Data Warehouse Design: From Conventional to Spatial and Temporal Applications[END_REF]. Data precision is usually handled by means of integrity constraints that are rules, defined in the ETL process, allowing filtering bad precision data [START_REF] Boulil | A UML & spatial OCL based approach for handling quality issues in SOLAP systems[END_REF]. However, in a VGI flexible data context, it seems very difficult to define a set of predefined logical rules and schema mapping as in SDW.

Credibility is another quality criteria. Assessing users' credibility (experts or citizens) is important for evaluating the overall reliability of their contribution: according to [START_REF] Flanagin | The credibility of volunteered geographic information[END_REF], it is difficult to give an accurate definition of credibility. Thus, it can be considered as a believability degree of information based on notions of its trustworthiness and expertise. On the other hand, in SDW systems credibility is not taken into account since it is believed that all data sources are credible [START_REF] Vassiliadis | A Survey of Extract-Transform-Load Technology[END_REF] or it is handled only in the visual reporting tool [START_REF] Daniel | Managing Data Quality in Business Intelligence Applications[END_REF]. Thus, this means that a new kind of metadata, such as credibility, should be associated to the warehoused data and used in further SOLAP analysis.

Finally, VGI data can be considered as versioning data in the sense that for each geographical object several users can upload/modify its spatial and thematic content at different time [START_REF] Rinner | The use of web 2.0 concepts to support deliberation in spatial decision-making[END_REF]. The same geographical phenomena modelled using the VGI approach can have different points of view since several different users can independently upload/modify related geographic information. This feature/issue is not supported in existing SOLAP tools, since factual information is uniquely identified by dimensional data. However, some research works do address dimensions and facts versioning by means of ad-hoc multidimensional logical and physical schema [START_REF] Arigon | Handling multiple points of view in a multimedia data warehouse[END_REF].

To achieve scalability, security and maintainability, SOLAP systems usually rely on Relational OLAP architectures [START_REF] Malinowski | Advanced Data Warehouse Design: From Conventional to Spatial and Temporal Applications[END_REF]. Here data sources are integrated into the SDW tier by means of ETL tools (e.g., Spatial Data Integrator). Spatial DBMS are used to store spatial data (SDW tier) (e.g. PostGis). The concepts of measures, facts and dimensions are modelled in the Spatial OLAP server (e.g., GeoMondrian), which also implements SOLAP operators. The SOLAP client tier (e.g., Map4Decision) provides interactive cartographic and tabular displays to visualize SOLAP queries results and allowing decision-makers to trigger SOLAP operators by the simple interaction with the user interface.

The spatial data warehouse populating task is typically handled by ETL tools allowing transformation (e.g. aggregation, join, etc.) cleaning (e.g. filter) and uniformity of data sources according to the SDW model before being loaded. ETL tools typically access data sources using classical interfaces and protocols. Thus, ETL tools should integrate new functionalities to handle data quality and schema issues of VGI data. Moreover, SOLAP tools should be able to allow data insertion by means of alphanumeric and cartographic displays in an easy and effective way, preempting classical ETL protocols.

From the above discussion about similarities and difference of SOLAP and VGI approaches some mandatory issues emerge that we consider as mandatory for achieving an effective integration.

• Data quality issues impact data analysis. Indeed, SOLAP users are used to explore warehouse data without providing attention to (aggregated) data quality since they consider all data official and correct. Thus, when integrating (poor quality) data, final decision-makers should be supported in interpreting the quality of data used in order to adapt their final decisions. Then, it is necessary to manage credibility, precision and versioning issues when VGI data are integrated in SOLAP systems since in SOLAP systems all data sources are considered credible and good. • From an architectural point of view, it is necessary to adopt a VGI solution that provides data in a way and a format that are compatible with classical ETL and SOLAP tools.

Motivating Example

In this section, we present a real scenario where volunteers can report information about flooding in using Wikimapia, an open-content collaborative mapping project that allows the description and annotation of various geographical objects. Fig. 1 below illustrates such situation where volunteers post information and possibly metainformation such as water levels, damages, etc. Because volunteers have different levels of expertise (amateurs vs. professionals) an important issue to consider is their credibility. In our approach credibility is derived from Wikimapia by means of a voting mechanism for trustworthiness and the number of alerts (inputs from users) for expertise, according to [START_REF] Flanagin | The credibility of volunteered geographic information[END_REF].

Fig. 1. Flooding Information on Wikimapia

A flooding alert or simply an alert is characterized by a location (geometry), a date (at the hour granularity), a user (with an associated credibility) and some metadata supplied by the user. A simple application scenario related to this example could be expressed as follows: "What is the average impact of riverbanks of floods per city in year 2012?". This query may help define priorities for urban planning operations for reducing the risks of floods impacts on riverbanks and urban neighborhoods elements (roads, shops, etc.).

In order to answer this query, we could develop an SOLAP application shown on Figure 2 using the UML profile defined in [START_REF] Boulil | A UML & spatial OCL based approach for handling quality issues in SOLAP systems[END_REF]. The profile defines a stereotype or a tagged value for each spatio-multidimensional element; for example "Fact" for the fact, "SpatialAggLevel" for the spatial dimension levels whose geometries are represented with geometric attributes stereotyped "LevelGeometry", and "AggRelationship" to model the aggregation relationships that link dimension levels. Note that the model contains a spatial dimensions ("Location") and a temporal dimension ("Time"). The measure is a value (e.g. "Low") describing the event according to its type (e.g. "Flood", "Fire", etc.).

Fig. 2. VGOLAP spatio-multidimensional model

Using this SOLAP model decision-makers can analyze events by space and time in order to have a global vision on the behavior of the flooding hazard.

In order to allow decision-makers to trigger SOLAP queries for analyzing the evolution of a climatic phenomenon and define urban priorities, new data about climatic events are necessary. It is important to underline that these data are volatile: it is difficult to retrieve flooding descriptions when the event is finished. To this aim, VGI systems represent a useful data source for feeding the SDW and allowing the spatial decision-making tool to proceed. In integrating VGI data with the SDW, we maintain the execution of SOLAP queries on incoming climatic events.

Quality-Based Approach

We describe in this section our methodology for (1) integrating VGI data with SOLAP system, and (2) performing analysis. First, VGI data are aggregated using an ad-hoc ETL method (credibility-based aggregation) (Sec 4.1), based on VGI users credibility. This allows compliance of VGI data with the SDW schema, and avoids versioning and credibility related problems. Then, VGI data are loaded in the SDW and in the SOLAP server to impact the SOLAP analysis process with their quality (Sec. 4.2). We propose some metadata rules, defined as spatio-multidimensional measures, representing (aggregated) data quality. This SOLAP metadata provides decision-makers with a useful metainformation about the quality of the results of SOLAP queries, avoiding misleading data interpretation.

Quality-Based ETL

In our approach is necessary to enrich the ETL phase with credibility information carried out by VGI data. In our case study, volunteers with different credibility (Table 2) may differently evaluate the impact on the riverbanks (Table 3). These different values need to be aggregated leading to one fact and measure in the SDW presented in Figure 2. In other terms, a set of geographic objects provided by volunteers has to be aggregated to define one fact.

Table 2. Users' credibility

User Credibility

Jean-Pierre 3 Florence 2 Bob 1

Table 3. VGI data (VGIobjects) Then, a credibility-based aggregation operator ∆ that takes a set of geographic objects (VE 1 …., VE m ) as input and returns an event (E) is defined (see Definition 1). A numerical aggregation function (AVGVE) weighted by credibility is applied to calculate the numerical value of the event (Em). Spatial (e.g., bounding box) (SpatialAgg) and temporal (TemporalAgg) aggregation functions are applied to calculate the location and the timestamp of the event, respectively (Ezone and Etimestamp).

VGIObjects User Answer Category LocationTimestamp

Thus, our ETL operator allows several geographic objects to be merged in considering their users' credibility for a unique fact (event). In this way, the users' information is not represented in the spatio-multidimensional model (c.f. Fig. 2).

Definition 1 -Credibility-based Aggregation.

The credibility-based aggregation operator ∆ is defined as follows:

 Let SpatialAgg and TemporalAgg be the spatial and temporal aggregation functions, respectively. When applying the aggregation operator using a convex hull for the spatial aggregation (zone3-1 and zone3-2 are geographic regions included in zone3), the alerts in Table 2 are aggregated into one VGI event with a low value to represent the impact to the riverbanks provided by Jean-Pierre, who is the most credible user. Then, this event that is loaded into the spatial data warehouse, and analyzed using the measures described in the next section.



Quality-Based Analysis

In order to feed decision-makers with data credibility, we extend the spatiomultidimensional schema of the official SDW with some new measures representing the quality value obtained in the previous phase. In particular, we propose two measures to allow decision-makers to analyze data according to their tolerance to the usage risk caused by (users and multidimensional) quality of VGI data. The first measure is used when decision-makers are sensible to "not good" data, and they want to "see" only good data. We call that measure: GoodPrecisionValue (see Definition 2). The second measure is used when decision-makers are risk aware and they aim to "see" all data but with a feedback of the quality of data. We call that measure: GlobalPrecisionIndicator.

Let us formalize those measures.

Definition 2 -GoodPrecisionValue

Let VGIFacts the set of VGI data integrated into the data warehouse and NoVGIFacts the historical one. Let m the measure of the facts and its value denoted as F i .mvalue and Agg the aggregation function applied to it (e.g. SUM, AVG, etc.).

Then: GoodPrecisionValue is AGG n i=1 F i .mvalue where F i ∈ NoVGIFacts GoodPrecisionValue allows aggregating only facts coming from official sources and consequently having not problems of credibility, which represents a "safe" aggregated value for decision-makers.

Let's consider the subset of the SDW data related to the impact of riverbanks as represented in Table 4, where the first 4 tuples are historical data (NoVGIFacts) and the other ones are VGI data (VGIFacts). Then, the result of aggregation on all zones, all years and impact on riverbank is shown on Table 5. It can be noticed that it is different from the aggregation (i.e. avg) with all values meaning that the VGI data affect the result of the aggregation. 

Impact on riverbank

We now define the GlobalPreciseIndicator (see Definition 3), which is used to represent how much the aggregated measure is calculated using VGI data.

Definition 3 -Global Precision Indicator

GlobalPrecisionIndicator is VGIfactNb/ FactNb where FactNb is the number of facts, and VGIfactNb is the number of VGI facts used in the aggregation.

In our example the global precision indicator is 0.6 meaning that 2/3 of measures values used in the aggregation are issued from VGI data. Then the measure value avg should be not safely considered in the decision-making process.

Implementation

In this section we present the VGOLAP system and architecture we deployed to implement our quality-based approach (Fig. 3). ETL methods described in Section 4 have been implemented in java and PL/SQL scripts. The SDW tier is implemented in the Spatial DBMS PostGIS that provides a native support for spatial data. The SOLAP Server relies on GeoMondrian, a fullfeatured SOLAP server. Measures and aggregation described in Section 4 are defined as well known MDX expressions. Tabular and cartographic visualization of SOLAP queries are provided by means of the SOLAP system Map4Decision. Fig. 4 shows the results of the SOLAP query retrieving the average impact riverbanks for one city at different months.

Conclusion and Future Work

Volunteered Geographic Information systems (VGI) have proven useful in allowing Internet contributors to create spatial datasets, or to provide valuable information during or after natural hazards. Nevertheless, VGI raises data quality issues such as credibility and precision. In this paper, we investigate the integration of VGI in Spatial OLAP (SOLAP) systems to ensure a better decision-making process. In using an environmental case study, we highlighted the similarities and differences of these systems, and came up with a methodology, a multidimensional model and a decisionsupport prototype that integrate both concepts and systems. In particular, we proposed a new ETL aggregation operator based on VGI credibility and some new measures. We are currently working on the evaluation of our proposal on the complete real dataset of our case study. For future work, we are planning to investigate the usage of linguistic measures (such as good, bad, etc.), which are more familiar to decisionmakers as already investigated in [START_REF] Feng | Using Fuzzy Linguistic Representations to Provide Explanatory Semantics for Data Warehouses[END_REF] by means of fuzzy theory.
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Table 1 .

 1 SOLAP and VGI Comparison

		Spatial OLAP	VGI
	Data	High quality	Average quality
		Huge volume	Small data sets
		Spatial, conventional and	Semi-structured and
		historical data	unstructured data
			Spatial data
	Architecture	Scalability, security, spatio-	Collaborative and simple
		multidimensional analysis	spatial analysis
		ETL-based	

  Let VE 1 …., VE m be VGI geographic objects.

	E= ∆(VE 1 …., VE m, SpatialAgg, TemporalAgg) where:
	 The value of measure of E is ∑ m	i=1 VO i .value / m where VO i are the VGI
		geographic objects provided by users with the highest credibility
		Ezone = SpatialAgg (VE 1 .VElocation, …, VE m .VElocation)
	 Etimestamp = TemporalAgg (VE 1 . VEtimestamp, …, VE m . VEtimestamp)

Table 4 .

 4 Facts of the case study SOLAP application

	Time	Location Value EventType
	12h-19-10-2011 Zone1	Low	Impact on riverbank
	12h-20-10-2011 Zone2	Low	Impact on riverbank
	12h-2-11-2011	Zone3	Low	Impact on riverbank
	12h-2-11-2011	Zone4	High Impact on riverbank
	12h-1-11-2012	Zone3	Low	Impact on riverbank
	11h-1-11-2012	Zone4	High Impact on riverbank

Table 5 .

 5 Quality-based measures

	Time	Location Value	Goodprecisi	GlobalPrecisi	EventType
			onValue	onIndicator	
	All	All zones Avg	Low	0.6	
	years