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Abstract. The design of Spatial OLAP (SOLAP) applications consists of (i)
Spatial Data Warehouse (SDW) model design and (ii) SOLAP visualization defi‐
nition because a specific set of understandable and readable cartographic visual‐
izations corresponds to a particular type of SOLAP query. Unfortunately few
works investigate geovisualization issues in SOLAP systems and propose new
methodologies to visualize spatio-temporal data, and no works investigate tools
for readable SOLAP cartographic displays. Moreover, some works propose ad-
hoc methodologies for DWs and SDWs exclusively based on data and user anal‐
ysis requirements. Therefore, we present in this paper (i) a new geovisualization
methodology for SOLAP queries that yields readable maps and (ii) a new proto‐
typing design methodology for SOLAP applications that accounts for geovisu‐
alization requirements.
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1 Introduction

Spatial Data Warehouse (SDW) and Spatial OLAP (SOLAP) systems are first citizens
of GeoBusiness Intelligence technologies. A SOLAP system has been defined as “A
visual platform built especially to support rapid and easy spatio-temporal analysis and
exploration of data. It follows a multidimensional approach that is available in carto‐
graphic displays, as well as in tabular and diagram displays” [1]. SOLAP systems allow
for the analysis of huge volumes of geo-referenced data by simple interactive and online
data exploration operators (i.e., SOLAP operators). Decision-makers trigger SOLAP
operators through simple interactions with the visual components of SOLAP clients
(pivot tables and graphical and cartographic displays). Therefore, they can easily and
interactively explore spatial data, looking for unknown and/or unexpected spatial
patterns. The success of SOLAP rests on the geovisualization analytic paradigm. Geovi‐
sualization “integrates the techniques of scientific visualization, cartography, image
analysis, and data mining to provide a theory of methods and tools for the representation
and discovery of spatial knowledge” [14]. Semiology rules allow the good readability
of (spatial and alphanumeric) information displayed on a map. In the context of GISs,
several works provide semiology tools and frameworks for readable maps [4, 19]. These
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rules depend on several factors, such as the number and type (i.e., numerical, ordinal,
etc.) of variables (i.e., represented information elements), and the type of geometry
(points, lines, etc.). An adequate visual variable must be used for each variable, for
example, for one numerical variable (e.g., the total products sold), the color visual vari‐
able (cloropeth map) can be safely used [13]. Contrary to GISs, SOLAP cartographic
displays are represented by interactive maps that are created online using SOLAP oper‐
ators. The choice of the correct visual variable is manually performed by decision-
makers during the analysis process, which represents an important limitation on effective
visual analysis for two reasons: it can delay the exploration process, and decision-makers
have to be geovisualization experts to choose the right visualization for the right data.
Therefore, we present in this paper a framework for the correct (readable) visualization
of the results of SOLAP queries.

Moreover, we have integrated it in a SOLAP prototyping methodology. The design
of SOLAP applications consists of (i) SDW model design [16] and (ii) SOLAP visual‐
ization configuration. Indeed, a set of understandable and readable cartographic visual‐
izations is needed for each particular spatial data set. Unluckily, some works propose
ad-hoc methodologies for SDWs based exclusively on data and user analysis require‐
ments [9, 16]. Therefore, we present a new prototyping design and implementation
methodology for SOLAP applications that takes into account (i) user analysis require‐
ments and (ii) geovisualization requirements. The proposed design methodology allows
decision-makers to rapidly implement their SDW model and deploy it on a web-based
SOLAP system [5] with well-suited cartographic visualizations. It extends the
ProtOLAP DW methodology [6] that allows for the prototyping of DW models using
the ICSOLAP UML profile for SDW [7]. Therefore, motivated by the relevance of
conceptual representations of complex data models in prototyping tools [16], we extend
ICSOLAP with various new conceptual representations of the geovisualization methods
for SOLAP, and we integrate it in the ProtOLAP methodology. Finally, we implement
our approach by extending our previous SOLAP tool presented in [5].

2 Related Work

Integration of spatial data in DW and OLAP systems leads to the concept of Spatial
OLAP (SOLAP) [1]. SOLAP introduces the concept of spatial dimension, which is a
classical dimension with geometrical attributes. Typically, SOLAP architectures are
multi-tier systems composed of a Spatial DBMS (database management system) to store
(spatial) data; a SOLAP server, which implements the SOLAP operators; and a SOLAP
client, which combines and synchronizes tabular, graphical, and interactive maps.
Existing academic and industrial systems propose the use of simple geographic visual‐
ization methods, such as cloropeth maps, thematic maps, and multimaps [5, 10, 15].
Indeed, only a few works suggest particular geovisualization methods (a survey can be
found in [5]). For example, [13] studied a new geovisualization method for trajectory
DWs. [3] added multimedia elements, such as photos, videos, etc., to spatial data ware‐
house data. Finally, [12] studied the usage of chorems to enrich visual variables of
SOLAP displays. To best of our knowledge, only [18] has investigated the readability
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of SOLAP maps, which it accomplished by providing clustering-based SOLAP visual‐
ization methods to avoid visual cluttering.

Several works provide frameworks for the creation of readable thematic maps
[1, 4]. However, apart from some simple rules based on “1 or more variables”, the
existing SOLAP systems do not implement these frameworks. Therefore, they still
provide decision-makers with unreadable maps and leave them to select the correct
visualization for each SOLAP query. Moreover, visual variable configuration (i.e., the
association of measures with visual variables) is usually conducted manually by the
SDW expert using wizards. These tools do not allow for the specification of configura‐
tions based on dimensions (for example, using animated maps on the temporal dimen‐
sion), and their use is quite long and tedious. Therefore, although visualization plays a
fundamental role in SOLAP visual analytics and consequently in SOLAP application
design, the configuration of the visual variables of SOLAP maps has yet to be included
in SDW prototyping methodologies. This represents an important limitation because the
success of a SOLAP project is usually related to the definition of a spatio-multidimen‐
sional model that fits users’ needs. For that reasons, several works propose DW design
methodologies based on data sources and/or user requirements [16]. Among them, some
rapid prototyping approaches, based on standard (e.g., ER, UML, etc.) and ad-hoc
formalisms, have been developed because they yield time and economic gains [6, 8].
Finally, dashboard design and prototyping have also been investigated in some works,
such as [17].

3 Motivation

In this section, using a SOLAP application developed in [12], we describe the motivation
of our work. The SDW is loaded using open-data of FAO (Food and Agriculture Organ‐
ization of the United Nations). It allows for analysis of the total agricultural cultivated
surface and the total production per year, country and crop. It presents a spatial hierarchy
grouping countries in areas and years by decade. In the remainder of the paper, we use
“nb” to denote the maximum number of cells (pieces of information) of the resulting
pivot table associated with each spatial member. For example, for the pivot table of
Fig. 1d, nb is 2. Using this SDW, it is possible to answer queries such as “What was the
total surface of wheat per country in 1990?” (Q1). The SOLAP query is visualized using
the cloropeth map shown in Fig. 1a.

Consider the following query, “What was the total production of wheat per country
per year (over the last 15 years)?” (Q2). The result counts 15 variables (the production
per year) per country (i.e., nb = 15). Therefore, a classical bar chart thematic map as
shown in Fig. 1b appears unreadable because it conveys too much information [4].
Therefore, some other geovisualization method, such as a dynamic map [11], should be
used. This problem exists because the number of visual variables that can be shown in
a map is smaller than the amount of readable information shown in a pivot table. Finally,
we consider another query “What was the total production of wheat and cultivated
surface per country in 1990?” (Q3). The results of this query can be shown using a bar
chart with two bars (left side of Fig. 1c). Although the map is readable in terms of visual
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variable number, it is not adequate for representing two different measures with different
numerical domains (hectares and tons). Therefore, the use of different visual variables
for different measures is recommended [12], as shown on the right side of Fig. 1c. This
means that decision-makers should be able to configure their cartographic displays
according to the semantics of the warehoused data [12].

4 Framework SOLAP Visualization

To avoid the manual configuration of SOLAP cartographic displays and to avoid read‐
ability issues related to the number of visual variables (nb), we propose a new geovi‐
sualization framework based on the “display rules”. First, it is necessary to define the
maximum number of pieces of information to display for one spatial member (nbmax).
Then, a set of rules can be specified. For each rule, we must define:

Preference: determines what rule must be used if several rules are applicable.

Conditions: determines when the rule should be utilized depending on nb. Several
conditions could specify:

• Range of nb: nb = [x1, x2],
• Range of the number of measures used in the SOLAP query: nMeasure = [x1M, x2M],
• Range of the number of members of each dimension (except the spatial dimension)

to which the rule will be applied: ndi = [x1di, x2di]

Actions: determines how information will be visualized on the map (cloropeth, bar chart,
dynamic map, etc.) if all conditions are achieved.

(a) Q1: one measure with one year (b) Q2: one measure with 15 years

(c) Q3: two measures with one year 

elpmaxeelbattoviP)d(

Fig. 1. SOLAP maps (Color figure online)
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Example: In the context of the FAO example, to avoid unreadable (see Fig. 1b) or
unsuitable (see the left side of Fig. 1c) geovisualization methods, we can define the rules
of Table 1. R1 imposes the use of a cloropeth map when only one piece of information
is to be displayed in a spatial member, which corresponds to Fig. 1a (nb = 1). If there
are two pieces of information, each for a different measure, then R2 imposes the display
of the ‘Production’ measure by cloropeth and the ‘Surface’ measure by circles, which
corresponds to the right side of Fig. 1c. If nb is between two and six, the information
can be displayed by bars (R3). R2 is preferred to R3 to prevent the geovisualization
method of the left side of Fig. 1c. If one measure is to be displayed for one crop over
several years, a dynamic map is used (R4); if several measures and/or several crops are
used, then multi-dynamic maps should be used (R5). Using ‘*’ in the condition means
that there is no limit. Let us note that these rules have been defined by SDW experts in
collaboration with decision-makers.

Table 1. Display rules for the FAO example

R1 R2 R3 R4 R5
Preference = 1
Conditions
nb =  [1]
Actions:
Cloropeth map

Preference = 2
Conditions
nb =  [2]
nMeasure =  [2]
Actions:
Production: clor‐
opeth
Surface: circles

Preference = 3
Conditions
nb =  [2, 6]
Actions:
Bars

Preference = 2
Conditions
nb = [2, *]
nMeasure =  [1]
nTime = [2, *]
nCrops =  [1]
Actions:
Dynamic map

Preference = 4
Conditions
nb = [2, *]
nTime = [2, *]
Actions:
Multi-dynamic
maps

Once the rules have been defined, taking into account the number of visual variables
to displays, the system has to guarantee that one visual display exists for each possible
pivot table display. In other words, we have to define a way to verify that the defined
rules allow for displaying all possible pivot tables. Therefore, for example, considering
that an nbmax of 15 is chosen, display rules should cover all possible analyses that corre‐
spond to this number. By using a multidimensional matrix (Fig. 2a), we can present the
number of pieces of information to display (nb) for each analysis according to the
number of measures and members of each non-spatial dimension. In our example,
nb = nMeasure × nTime × nCrops. In Fig. 2a, red cells correspond to the number of pieces of
information greater than nbmax, and therefore the display rules do not concern these cases
of analysis; contrariwise, they should cover all green cells that have a number smaller
than nbmax. To verify this, we use the algorithm below.

Fig. 2. Multidimensional matrix. (Color figure online)
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This algorithm takes as input the display rules (Table 1) and the multidimensional
matrix (Fig. 2a). It gives as results (i) a Boolean value indicating if the rules cover all
required cases or not and (ii) the multidimensional matrix with the display rules (Fig. 2b).
To accomplish this, the algorithm checks if each green cell (line 2) attains all conditions
(lines 5–7) for each rule (line 4). If so, the rule is added to the result table (T) (lines
8–9). If the algorithm cannot find a rule to apply for a cell, the resulting Boolean value
becomes ‘false’ (line 10), indicating that the rules do not cover all required cases.

The result of the application of this algorithm to our example (i.e., the display rules
of Table 1 and the multidimensional matrix of Fig. 2a) is shown in Fig. 2b. This result
shows that there is a case of analysis (grey cell) with nMeasure = 2, nTime = 1 and nCrops = 4
that is not covered by the rules. This requires either the addition of a new rule to cover
this case or a modification of the conditions of an existing rule to cover it.

Algorithm verification
Input:  Display Rules, the multidimensional matrix T
Output: T with rules, result
1: result = true 
2: for each green cell Ci in T: 
3: found_rule = false
4: for each Rule Rj in Display Rules: 
5: If (Ci.nb < nbmax and Ci.nb  Rj.nb) then applicable_rule = true;
6: for each dimension Dk of T: 
7: If (Ci.nDk  Rj.nDk) then applicable_rule = false;
8: found_rule = (found_rule OR applicable_rule) 
9: If applicable_rule then Ci.add(Rj);
10: result = (result and found_rule);

5 Prototyping Methodology

5.1 Background

ProtOLAP has already been successfully applied in some real DW projects. ProtOLAP
allows for rapid DW prototyping [6]. With ProtOLAP, decision-makers’ analysis
requirements are translated by DW experts into a UML model presented in [7]. Then,
this model is automatically translated into a relational model and its corresponding
OLAP server model. Then, ProtOLAP allows decision-makers to feed the DW some
sample data. Finally, decision-makers interact with a real OLAP client to validate the
multidimensional model.

Encouraged by time and important economic gains associated with the usage of
conceptual models (UML, ER, etc.), ProtOLAP is based on the ICSOLAP UML profile.
ICSOLAP allows a conceptual representation of spatio-multidimensional models using
UML stereotypes [7]. Indeed, a profile in the Unified Modeling Language (UML)
provides a generic extension mechanism for customizing UML models for particular
domains and platforms. Stereotypes, tagged values, and constraints are used to adapt
UML elements to a specific application. Finally, Object Constraint Language (OCL)
constraints are used to specify rules to verify the validity of a stereotype. UML profiles
can be easily implemented in computer-aided software engineering (CASE) tools, such
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as MagicDraw or Eclipse. ICSOLAP contains stereotypes for each spatio-multidimen‐
sional element. A ≪Fact≫ is composed of ≪Measure≫. An ≪AggLevel≫ is
composed of dimensional attributes and can be thematic, spatial or temporal. Moreover,
the stereotype ≪BasicIndicator≫ defines aggregation rules for a given measure (i.e.,
“aggregatedAttribute”). It indicates the functions used in the aggregation process along
dimensional hierarchies. ICSOLAP has been implemented in the commercial CASE tool
MagicDraw, and a tool for its automatic implementation in Postgres/Oracle and
Mondrian has also been developed. An example of ICSOLAP for our case study is shown
in Fig. 3.

Fig. 3. FAO Spatial Data Warehouse

5.2 SOLAP Prototyping Methodology

To take SOLAP geovisualization issues into account in a prototyping methodology, we
propose the following methodology extending ProtOLAP with steps 3, 4, 6 and 9.

1. Informal definition of indicators: Decision-makers define the analysis needs in
terms of dimensions and measures.

2. Conceptual design: DW experts translate decision-makers’ spatio-multidimen‐
sional needs from step 1 using ICSOLAP [7] (e.g., Fig. 3).

3. Informal definition of geovisualization methods: Decision-makers define how to
visualize their data using cartographic displays.

4. Extending the conceptual design: DW experts translate decision-makers’ geovisu‐
alization needs from step 3 into a UML model extending [7] (e.g., Figs. 4 and 5).

5. SDW implementation: The system automatically creates the DBMS and the OLAP
server schemata.

6. SOLAP visualization implementation: The system automatically creates the geovi‐
sualization schemata.

7. Domain feeding data: Decision-makers feed the SDW with sample data.
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8. OLAP-based indicator validation: Decision-makers validate the dimensions and
measures of the SDW. If the spatio-multidimensional model has not been validated,
go to step 1.

9. SOLAP-based geovisualization validation: Decision-makers validate the geovisu‐
alization methods for SOLAP query results. If the geovisualization methods have
not been validated, go to step 3.

10. ETL implementation: During this last step, the ETL is implemented to load the
SDW defined in step 5.

As described in step 4, our methodology uses an extension of ICSOLAP to concep‐
tually represent geovisualization methods and rules. This extension is described in the
remainder of the section.

A map (≪Map≫) is defined as an abstract class, and its implementations represent
the geovisualization methods implemented in the SOLAP system, as shown in Fig. 4a.
Here, the two stereotypes ≪Cloropeth≫ and ≪Circles≫ have been defined to represent
cloropeth and thematic maps with circles in a generic manner. A cloropeth map is
described by a color range (“color”), a number of color classes (“nbElements”) and a
distribution function. An example is shown in Fig. 4b, where a cloropeth map (i.e.,
map1Cloropeth) that uses 5 classes of the color red with a uniform distribution (e.g.,
Fig. 1a) is implemented.

(a) (b)

Fig. 4. UML profile for map representation: (a) meta-model, (b) example

(a) (b)

Fig. 5. UML profile for display rules: (a) meta-model, (b) example of R2
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To define display rules as defined in Sect. 4, we define some new stereotypes as
shown in Fig. 5a. A rule (defined as a ≪Rule≫ package) is composed of a set of condi‐
tions (≪Conditions≫) and actions (≪Actions≫). A condition is defined as a package
and presents the minimum and maximum number of elements (“nbMin” and “nbMax”);
a condition can be defined on measures (≪ConditionMeasures≫) and on dimensions
(≪ConditionDimension≫ presents a tagged value with the ICSOLAP ≪Dimen‐
sion≫ type). An example for rule R2 of Table 1 is shown in Fig. 5b. An action is defined
as a package containing a set of ≪mapping≫ classes (Fig. 5b). A mapping is a class
that contains two tagged values representing an ≪Indicator≫ ICSOLAP and a ≪Map≫,
and it is used to define what geovisualization method is used for each indicator. For
example Fig. 5b indicates that, when the conditions are verified, the two indicators
SumProduction and AggSurface of Fig. 3 are visualized with cloropeth maps. Our profile
has been implemented in MagicDraw.

6 Implementation

In this section, we present the implementation of our proposal.
Based on our previous work [5], the architecture of our prototype consists of three

tiers: the SDW tier, SOLAP Server and SOLAP Client. The SDW tier is implemented
using PostGIS, which is a spatial DBMS. This tier is responsible for storing alphanu‐
meric and spatial multidimensional data. The OLAP server used is Mondrian. The
SOLAP client tier is composed of the Pivot4 J OLAP client and OpenLayers GIS client.
OpenLayers has been integrated in the ProtOLAP architecture [6]. For the implemen‐
tation of the geovisualization methods represented by the ≪Map≫ stereotype, we have
defined a set of SLD (Styled Layer Descriptor) and GML (Geography Markup
Language) templates (more details in [5]). GML and SLD are XML-based representa‐
tions of spatial data with visualization. SLD and GML templates provide an implemen‐
tation of the geovisualization methods that is not dependent on the SOLAP client used.
Therefore, according to our prototyping methodology, the SLD and GML templates can
be automatically generated from UML diagrams.

Because [5] does not support display rules, we extend it by adding an XML repre‐
sentation of displays rules as described in Sect. 4. These rules have been integrated in
the SOLAP client and are automatically triggered during each SOLAP query. These
XML files correspond to the ≪Rule≫ packages previously described.

A video example of a SOLAP application with display rules is shown at https://
www.youtube.com/watch?v=ZHUTqVRtKu8. Decision-makers visualize their pivot
table and their associated bar thematic maps. Then, changing the pivot table by 2 meas‐
ures and one year, the cartographic visualization is automatically adapted using rule R2
as previously described.
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7 Conclusion

Motivated by the importance of geovisualization tools in SOLAP analysis, we present
a methodology for prototyping SOLAP applications. Our current work involves the
automatic implementation of the UML profile and the evaluation of the methodology
using the Goal Question Metric framework. Moreover, because decision-makers are not
always GIS experts, we will define a methodology to automatically derive maps and
display rules from the SDW schema.
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