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Abstract. The paper deals with real-time complex
analysis and decision support to« environmental
- management by designing a suitable model for
natural ecosystem’s description. Environmental data
values are obtained through different types of
monitoring. Environmental management has to be
provided with a multi-aspect reporting capability,
powerful and informative visualization enabling
comparisons of registered parameter values in
different locations and time periods, on-line aggrega-
tions of data, analysis of interrelationships among
different factors and forecasting, i.e. on-line analyti-
cal processing (OLAP). In order to provide for these
needs, we suggested monitored data to be described
by multidimensional technique. We applied the
principles of multidimensionality to a part of a river
ecosystem and created a model of water quality as a
basis for providing environmental management with
on-line analytical capability. When designing the
model, we introduced hierarchical levels of dimen-
sions, defined special type of dimensions such as
attributes, organized parameter values as time series
data. We developed a practical tool for on-line
analysis based on the elaborated model. It provides
for ad-hoc navigation through dimensions, attributes
and time periods, powerful visualization and
accessibility of data from heterogeneous sources
(OLAP cubes and Geographic Information Systems).
The tool has a broad applicability. It can be easily
redesigned to any type of ecosystem.
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INTRODUCTION

The performance of thorough and com-
plex analysis of an ecosystem’s state and
behaviour can be achieved on the basis of
suitable modelling of monitored data. The
adequacy of the applied model turns out
to be of main importance for the
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information value of the performed analy-
sis. Qualitative analytical results provide
steady support for further decision-mak-
ing in the ecosystem’s management.
Monitoring of a part of the Iskar River
ecosystem in Bulgaria has been performed
and water quality data has been registered
during a seven-year period. Monitoring of
river water quality has been performed
also in course of TEMPUS Project on
Monitoring Bulgarian Rivers (JepTempus,
1997). The data obtained thereby has been
elaborated wusing the object-relational
approach (Tsankova, 2001). The ap-
proach, which we implemented here, is the
multidimensional one. It provides a basis
for powerful on-line information analysis.

Parameter values of river water quality
are presented as cells in a multidimen-
sional cube. The dimensions represent
characteristics of the ecosystem that the
measured parameters are related to, as
well as different focuses and viewpoints for
their analysis. For the part of the
ecosystem under discussion, dimensions
are: time, location (points, where measure-
ments are performed), region (part ot the
river’s flow), point type (by city, by
village), river, pollution (medium, high,
very high), monitoring type (mobile or
stationary chemical laboratory). The
multidimensional model, discussed by
Agrawal (1997), Inmon (1992) and
Kimball (1996), has been chosen. It
provides the basis needed for on-line
analytical processing (OLAP). OLAP is a
“dynamic analysis of historical data for
flexible creation, manipulation, animation
and synthesis of information, according to
consolidation approaches” (Codd, 1993;
Vassiliadis, 1999). OLAP technology
and design of data cubes have been
implemented mainly in the area of
business intelligence and business sol-
utions (Rozeva, 2000).

The aim of the paper is to broaden
OLAP applicability to the area of
environmental management in order to
raise the quality and value of information
provided to ecosystem’s management.
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MULTIDIMENSIONAL MODEL OF
RIVER WATER ECOSYSTEM

We use an iterative analytical process for
designing the model. Our goal is, from the
data available in Relational Data Bases
(RDB), spreadsheets and text files, to
elaborate qualified decision supporting
information. Fig. 1 shows the structure of
a RDB where monitoring data, obtained
through measurements of physical, chemi-
cal and biological parameters of river
water quality, has been stored.

Fig. 1. RDB for river water quality data

Data kept in multiple related tables in the
RDB can be modelled as a multidimen-
sional cube with cells, containing
measurements of monitored parameter
values (Fig. 2).

Multidimensional modelling process
consists of several iteration steps.

Identification of dimensions. The dimen-
sions are characteristics (descriptions) of
the part of the ecosystem being consider-

ed. In the initial RDB except for time, they

are of text data type. We have elaborated

the following dimensions:

1. River: Iskar;

2. Location: P1, P2, P3, P4, P5, P6, P7.

3. Region: Upper flow, UpMiddle flow,
Middle flow, MidLower flow, Lower flow, i
etc;

4. Time: Mar93, Apr93, May93, Sep93,
Oct93, Nov93, Mar94, etc., i.e. spring and 3
autumn;

5. Pollution: medium, high, very high;

6. Monitoring Type: mobile, stationary;

7. Point Type: by city, by village.

The elements of each dimension are
enumerated. A cell in the cube contains
data for a monitored parameter. In
JepTempus (1997), the following water
quality parameters have been monitored:
hydrogen ion concentration PH, water
temperature , TDA, amonium  NH,,
colibacteria, NO,, dissolved oxygen
OKISL, solid substance content TDS,
biochemical oxygen demand BPKS.

Location / / /

Time

Pollution

Point Type

River

Fig. 2. Cube of river water quality data
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Reduction of the number of dimensions by

defining hierarchies. We examine the
dimensions Location and Region. Both of
them reveal characteristics of the
monitored parameters, referring to ge-
ography. Location concerns the points
where measurements are performed (P1,
P2, P3, etc.). Region refers to the different
parts of the river flow - Upper, UpMiddle,
Middle, Lower, etc. If the points of
performing monitoring and the parts of
the river flow are defined as separate
dimensions the designed model will be
with cardinality of 7. This cube will be
sparse (it will have a lot of empty cells).
For example, since points P1, P2 and P3
belong to the Upper flow only, the cells at
the intersection of the rest of the points
(P4, P5, P6,..) and Upper flow will have
no values. Thus the cube, résulting out of
the modelling process, will be with high
cardinality and sparsity at the same time.
In order to avoid this, we discard Region
as a separate dimension and define
Location as consisting of several scale
layers. These layers are Point and Region,
which roll up into the Total layer (Fig. 3).

(] — [m] — [Tr]

Fig. 3. Dimension Location with hierarchical struc-
ture

Data that populates the Point layer of the
cube, is obtained in the process of
monitoring. Data at the Region layer is
consolidated, i.e. calculated through ag-
gregation of the Point layer data. The
Total layer contains aggregated informa-
tion from the elements of the Region layer.
The type of aggregation has to be
specified. Typical aggregation operations
are: sum, average, minimum, maximum,
etc. For aggregating data values of water
quality parameters, we consider average,
minimum and maximum as appropriate
ones. The hierarchical structure of dimen-
sions provides for storing aggregated as
well as detailed information in the cube.
Management in general requires general-
ized view of data. The cube with the stated
structure of dimensions enables access to
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aggregated information, which is the most
suitable for analytical purposes.

Reduction of the number of dimensions by
introducing  attributes. The higher the
multidimensionality of the model is, the
larger space and processing time is
needed. Reduction of the number of
dimensions in the cube is very important
for obtaining a model with reasonable size
and enhanced productivity. Each dimen-
sion has to be analysed for the nature of
its elements. When examining Pollution
and Point Type, we find out that each one
of them has a small number of elements
with values, known in advance. They
appeare in combination with the different
values of another dimension’s elements.
Pollution values appear with the elements
of the River dimension and Point Type
values —with the Location element values.
Pollution and Point Type qualify, distin-
guish River and Location dimensions and
hence do not exist independently. We
define each of them as an attribute of
another dimension. When attributes of
dimensions are defined, the model’s size is
further reduced.

Optimisation  of - the time dimension.
Measurements of water quality par-
ameters are performed during definite
time periods. This means that the data
values obtained thereby are historical, i.e.
time-dependent. For the sake of reducing
the cube’s cardinality, we decided to
attach Time as a property (meta data) to
the value in each cell. As a result of this,
data values in the cells of the cube turn
into series (arrays). Fig. 4 shows the
structure of parameter values as series
with their corresponding meta data. Meta
data determine the period of time when
data values appear, their periodicity, the
rule for converting data from one peri-
odicity to another (monthly data to
quarterly — spring/autumn, yearly, etc.). In
this paper, the conversion rule is accepted
to be Average. In case that same data
value appears several times in a series, it is
kept only once while the meta data shows
the number of times it is repeated in the
series. Data series of the type, shown in
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Time series data

Meta data

vall| vap [ vas| | <—

Start date: Mar93; Periodicity; Monthly (Spring, Autumn);
Period Conversion: Average, Description: BPKS, Iskar, Middle flow;
Numeric, Single precision, Sparse, Calendar: Calendar year

Fig. 4. Cell content as time series data

Fig. 4, is created for each one of the
monitored water quality parameters.
Their corresponding meta data may be
different. Thus, the optimization of Time
dimension consists in eliminating it from
the model by converting data values into
time series with support of proper meta
data.

Establishment of aggregations. Typically,
ecosystem’s management requires ag-
gregated instead of detailed data for
reporting and analytical purposes and,
hence, support for proper decision-mak-
ing. The response time for processing
queries for aggregating huge amounts of
data in the cubes (consolidation) usually

is achieved by raising the number of cells
in the cube to a certain extent in order to
keep aggregated values. It is important to
determine the dimensions, for which
consolidations make sense and the proper
consolidation rule. The dimensions with
hierarchical structure are suitable for
performing consolidations. For the part of
the river ecosystem being modelled, this is
only the Location dimension. The average
consolidation rule has been chosen for it.
River and Monitoring type dimensions
are not suitable for consolidation.

After performing the so stated steps of
the iterative analytical process, we ob-
tained the following final multidimen-
sional model (Fig. 5).

Model:
|4 Rivers |
Bimensions: | Advanced Measure Properties
* 4 Ecosystem . e e
= & Crcition _imenS,i?_n _P'QDF_I__“ Periodicity: Mnlhly i_&_l

@ REGION Source table: Periodicit

3 Y
@ ary ILGCATION (Ecosys conversion: Werage g

® &) Monitoring_Type Day: Month: Century: Year:
o tmne o [T N [
3 NO3 O CITYNAME _ = - T
B oxs! & e end: |25 1l [os B [19 & |ss Hl
#§ PH O REGNNAME 0P
# TDA ™ Point_type Z N G

Fig. 5. Optimized multidimensional model for part of a river ecosystem. The Location dimension has two
hierarchical layers and an attribute called Point type. River and Monitoring type are not hierarchical.
Consolidation of parameter values (measures) is performed for the hierarchical dimension

turns out to be significant. It can be
reduced by performing aggregations once
and storing them in the data cube,
together with the detailed data stored in
the RDB. This reduction of response time
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IMPLEMENTATION

We developed a practical tool for on-line
analysis of river water quality monitored
data stored in the optimized cube struc-
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mre. It has been implemented in an
: ]ect -oriented design environment (Pilot
Designer, Version 6.2 1999, Pilot Sof-
tware, Inc.). This environment enables
ign of applications with full implemen-
tation of the advantages of the OLAP
technique based on the multidimensional
model. The application provides the main
"OLAP characteristics, such as:

¢ report generation in the most intu-
itive table-like across/down/page form
‘with on-line calculation capability;

¢ live ad-hoc data access and analy-
sis—on-line change of the focus on data,
month, season, navigation through hier-
archical dimensions, etc;

¢ visualisation through
charting capability;

¢ evaluation of trends and forecasting
capability;

¢ accessibility of data from heterogen-
eous sources such as data cubes, Geo-
graphic Information Systems (GIS), etc.

The object-oriented design environment
implies definition of objects and actions
they fulfil on occurrence of certain events.
The application contains several sheets
that are connected and navigation facili-
ties are provided. The main sheet enables
table-like report generation, on-line
change of the focus to data which are
available through the toolbar buttons and
menu item “Parameters”, time-based

powerful

analysis through the menu item “Season”,
calculations with data and charting the
displayed data. It has been developed by
using the following object types:

e table with source data from the River
multidimensional model, shown in Fig. 5.
Time dimension (month March with
yearly periodicity) and parameter BPKS5
are viewed across, Location dimension for
the Point layer is viewed down. The name
of the Iskar river and the monitoring type
(mobile) are viewed on each page. Refresh,
scroll and select events are assigned for
the whole table on occurrence of which
two variables are created —for the data,
displayed in the table and the page title;

e chart with source data from the
variables, defined for the table object;

e selection, which contains a list of
chart types with a click event assigned to
it for changing the chart type;

e menu for navigation among applica-
tion sheets, selection of time period and
parameter/parameters to display;

e toolbar with buttons enabling drilling
up/down and changing the focus on data.

The sheet designed by these objects is
shown in Fig. 6.

The menu item Forecast provides for
forecasting parameter values based on the
values obtained through monitoring. The
result of BPKS spring forecast at monitor-
ing point P4 for years 2000—2002,

o alel Quallly Mumlonnq Apphcahon

River Waler Qualxty
Monitoring - ISKAR

%4 Change Mar97-Mar98

8.55 259.48

538 -8532

8.02 117.59

Fig. 6. On-line analysis with multi aspect reporting and flexible charting capabilities
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implementing adaptive response smooth-
ing and Quadratic forecast method, is
shown in Fig. 7. The selection of smooth-
ing and forecast methods depends upon
the existing trends in data. This smooth-
ing method has been chosen because the
yearly data series included in the analysis
does not display a trend. Adaptive
response smoothing is one, which is
responsive to changes in the pattern of the
data. We have chosen the type of forecast
method to fit the smoothed and forecasted
points when the values for criteria
Goodness of Fit and R Squared have been

P4
Bpk5

. |

adjusted to the lowest values. The results
of the forecast differ from the measured
values about 7 %.

The sheet “Map Analysis”, opened by
the menu item “Map”, performs analysis
of GIS data by implementing Maplnfo
(MaplInfo Professional 4.5. Supplement.
1997. Maplnfo Corporation) object. By
clicking on a map river name, the parame-
ter values measured at all points for cho-
sen season (spring or autumn) are displa-
yed. MapX object provides access to GIS
data and point by point analysis (Fig. 8).

Type:
Dimension: Location

1994 1986 - 1988 2000 2002

- Base a

Smoothed - Fitted - Forecasted
Forecast Method: Quadratic

B ' P3 P4 P5 P2
~JOf. -
AP AFALVIHO * 22 #|Bpk5
MW 1994 0.79 054 079 1.27
221 i wwe 10 WA S| 1995 1.29 091 1.31 0.99
K = 5 ; i € !
c;ugw oxas 1996 224 068 062 141
2 MASEBE 1997 145 079 186 199
s 2
St '."‘“w 2 13 | 1998 1.40 082 205 1.36
wRaAFIA 1999 197 152 166 093
: jm R“i = 28N
: B = 2 FIAEE »

Fig. 8. Point by point analysis with access to GIS data type
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CONCLUSION

We designed a data cube to serve as a
basis for providing on-line analysis and
decision support capabilities to environ-
mental management. In the model’s
design process, we achieved significant
advantages concerning space and query
processing time. They refer to reducing
the size of the cube through transforming
some of the dimensions into hierarchical
layers or attributes of other dimensions.
Thus, we obtained a structure with
reduced total number of cells and a raised
population with data. Further advantage
of the model concerns the storing of series
of data in the cube’s cells, containing
water quality parameter values over a
time period. We performed consolidation
of detail data for the layérs of hierarchical
dimensions and stored the resulting
aggregated data in the cube for optimizing
the query processing time. We developed
a practical application in an object-
oriented design environment for analyzing
the data stored in the cube. It is with
enhanced performance and has the advan-
tage to provide management with the
ability to view and analyze all aspects of
the ecosystem at once. The main require-
ments for OLAP analysis are implemen-
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ted therein and management is provided
with valuable and adequate information
derived out of the monitored data in a
useful decision supporting format. The
tool can be applied to other types of .
ecosystems, as well.
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