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INTRODUCTION

In the recent years the importance of environmental data is increasing. This has been reflected by the
European legislation, when the Directive to establish an Infrastructure for Spatial Information in the
European Community (INSPIRE) was published in May 2007 and has been adopted for the national
legislation in the member countries, e.g. the “Geodatenzugangsgesetz” (GeoZG) in February 2009 in
Germany. (INSPIRE, 2007; GeoZG, 2009).

Environmental data is often captured in high resolution scales by the environmental agencies or
similar institutions. In the German federal state of Baden-Wiirttemberg water protection areas,
biotopes or nature protection zones are collected as vector data in the scale 1 : 10 000 for example.
But there is also a demand for this data in lower scales. From national mapping agencies all over
Europe topographical data is available in various scales, sometimes compiled from scratch for each
scale, or derived by using automated generalization processes. But yet there seems to be a lack for
appropriate environmental data that can easily be used with existing topographical data in lower
scales. Our overall research goal is to develop a process chain that provides the missing functionality
to integrate environmental data into the existing topographical data by using a multi-agent system for
this multi constrained problem composed of several tasks. The approach that we will propose in this
paper is the first step of this process chain and will contribute to automate the process of
generalization and integration of environmental data.

As it is widely accepted, prior to starting the process of generalization it is necessary to acquire
knowledge about the data to be generalized and to find structures and patterns that have to be
preserved or dealt in special manners. Additionally, for some generalization approaches it is
important to find a way to divide the whole dataset into subsets and to perform the generalization
process on each of them, before the whole result is compiled. Features that are defined to be invariant
for the generalization process help to split the whole dataset into sections. In generalization process of
topographical data the road or motorway network or administrative boundaries are used for this
purpose. For environmental data it is far more difficult to find those invariants for segmentation. The
river network or ridgelines could be taken as separators. Geographers divide regions into natural
landscape units that could be used as basis. But not for all natural phenomena these features are
suitable as divisors. Water protection areas for example cannot be clearly separated by any of these
means. They can but not necessarily need to be bordered e.g. by roads, rivers, administrative
boundaries. But they also might traverse them as well. So it is evident that for some types of
environmental data it is necessary to run a preliminary clustering process to group similar features
together so that following ones can rely on the results and make use of them. Of course there have
been many projects and approaches that deal with clustering. For example, a comprehensive summary
of clustering techniques in data mining can be found in Han et al. (2001) and a study concerning the
advantages of using spatial clustering in support of the generalization process has been composed by
Jiang (2004). But as far as we know there has been no attempt made to use a multi-agent system for
clustering environmental data yet.
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MULTI-AGENT SYSTEMS

Clustering is not only a very important research field in geoinformation science, but also in many
other scientific and technical areas. In recent research works multi-agent systems have been used to
perform this task. For example, Foner (1996) describes a matchmaking system to find people that
share similar interests or Passadore et al. (2009) who explain their agent-based semantic search
engine that improves document retrieval by finding and “clustering” texts which are semantically
connected to what the user is searching for. Park & Oh (2006) report on intelligent clustering by
unsupervised learning using a multi-agent system.

There has also been done some research work in the field of generalization with multi-agent
systems. For example, Ruas & Duchéne (2007) presented a prototype generalization system based on
the multi-agent system paradigm. Galanda (2003) had used agents to automatically generalize
polygons, while Jabeur (2006) studied the “on-the-fly” generation of maps for the internet using agent
technology.

In our approach, we also use the benefits of multi-agent systems. A multi-agent system is a method
of distributed artificial intelligence. It is a system where multiple interacting, intelligent agents pursue
their goals or perform specific tasks (Weiss, 1999) and that is concerned with finding a collaborative
solution of problems by the help of a decentralized group of processes or agents (Torsun, 1995). It is a
decentralized system with distributed control and asynchronous computation that provides a runtime
environment and defines the infrastructure that is necessary for the agents’ interaction and
communication (Boccalatte et al., 2004).

Wooldrige (1996) defines an agent as a “computer system that is situated in some environment, and
that is capable of autonomous action in this environment in order to meet its design objectives.” By
cooperating, negotiating and competing with each other, agents interact with each other to improve
their performance. They act goal-directed and can take the initiative (pro-active), as well as reactive
by responding to changes in their environment (Boccalatte et al., 2004; Wooldrigdge & Jennings,
1995).

Advantages of using a multi-agent system arise from the possibility to speed up computational time
by having multiple agents performing parallel computation on different machines. Limitations
imposed by time-bounded or space-bounded requirements can be overcome using the system’s
parallelism. If using redundant agents, one also can achieve a robust system if control and
responsibility is distributed among them. If one agent fails, the system still is in a stable condition.
From the programmer’s point of view another benefit is the scalability of a multi-agent system. Since
it is modular, it is easy to augment the system with new functionality by implementing and adding
new agents. This also can lead to simpler programming. (See Stone & Veloso, 2000).

CLUSTERING APPROACH

In our approach we suppose that most of the environmental data is of planar type (polygons) and that
similar features are grouped together. The challenge is to find these clusters. We want to detect them
by comparing the geometry’s shape of each environmental feature with neighboring features. As
measurements of shape we want to take a polygon’s area 4 and perimeter P, as well as the direction
Dir of the main axis into account. Additional measures like the related bounding figure RBF, the area
to perimeter 42P and length to width ratios L2 and the compactness C of the shape also help to find
similar polygons. Details on how these measurements are defined and how they can be computed are
well known and can be found in de Smith et al. (2007) or Peter (2001), for example. Together with
the distance dF to the next feature in the cluster and the distance dC to the cluster’s center point these
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shape measures have an influence on the so called “happiness” of each Cluster Agent (this agent type
will be explained in the next paragraph). Calculating the happiness is a complex process and can only
be explained briefly here: The happiness value 4, for almost all of the measures mentioned above (for
distances slightly other rules apply) is determined by subtracting the ratio of the absolute value of the
difference between the measure m and the cluster’s corresponding average value m, and the average
value m, from 1:

Then for each element in the cluster the happiness /, can be calculated by building the weighted
average of the happiness values determined before.

_ wihg + wohp + wshpy + wihgpr + Wshaap + Wehiow + wohe + wghyp + wohyc
e — 9
2i=1 w;
Features that have been grouped together and share similar values will possess a high happiness
value, whereas elements in a heterogeneous group or a “false” element in a homogeneous group will
have low happiness values /.. Now the happiness H¢,, of the Cluster Agent can be determined by
additionally taking the happiness values resulting from the distance to the next cluster Acp;y, the

cluster area /¢y, and the number of elements /y,,z contained in the cluster compared to the average
of all clusters into account. Once again weights w; can be applied.

wihe + Waheipise + Wahoia + Walyyume

Heiag =
g 7
i=1 Wi

We work with two types of agents: the Map Agent and the Cluster Agent mentioned before. The
Map Agent is in control of the complete clustering process and manages the whole life cycle of all
agents, while the Cluster Agent represents a cluster of several single polygons that can be grouped
together. Each agent possesses certain knowledge objects and behaviour objects that help him to
reach his goals and to perform his tasks. The Map Agent has two knowledge objects. One is for
keeping the data and constraints (Map Agent Knowledge Object), the second one for plans how to
proceed with the clustering task. His behaviour objects represent all the necessary functions to run
and control the clustering cycle with his Cluster Agents. While for each clustering task there is one
Map Agent only, there exist multiple Cluster Agents, one for each cluster that has been found. Cluster
Agents have two knowledge objects, too. The Cluster Agent Knowledge Object contains data and
constraints, whereas the Statistics Knowledge Object basically stores the average of the cluster
elements’ shape measures. The behaviour objects assigned to the agent help him to perform the task
requested by the Map Agent. (Illustrated by figure 1).
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Figure 1: Knowledge objects and behaviour objects in Map Agent and Cluster Agent

The agents’ life cycle represents the clustering process. In the beginning, constraints like the
maximum or minimum number of clusters that shall be found and the happiness threshold have to be
set. Additionally the clustering direction can be chosen. When choosing the “top-down” method, it is
assumed that at the beginning there is one large cluster containing all geometries. This initial cluster
is divided into reasonable parts until the desired number of clusters has been found. Following the
“bottom-up” approach, each geometry is initially considered as a unique cluster. These clusters are
merged in an expedient way until the threshold has been reached. Both “top-down” as “bottom-up”
don’t make much difference to the cycle, because all the necessary computational functions have to
be implemented by the agent’s behaviour (we will describe the “bottom-up” method). In the next step
the input geometries are prepared for the successive tasks, e.g. a dataset for the new cluster
geometries is created, new fields are added to store unique cluster IDs and the shape measures for
each of the geometries is computed as attributes to it. Then the complete input data (geometries and
attributes, constraints) are transferred to the multi-agent platform. This is the starting point of the
agent’s life cycle as it can be viewed in figure 2.



13™ AGILE International Conference on Geographic Information Science 2010 Page 5 of 9
Guimaraes, Portugal

Map Agent Cluster Agents
Messages
Phase I:
Initialisation Create Agent
7
Calculate e
Statistics Late 4 -
Seng S 21l
“eicy * Create Agents
Calculate
Statistics
Iv
Determine
nd Happiness
Tuste!
Determine du‘ed C
Happiness up
Phase II: . Propose
. Plan Ues,
Clustering 7 P,
cycle | Pr;lposa
gend pla an
Evaluate
Plans decg, 7/ %5
Ccy
R Gire 2, Ly [ Execute
Repeat until n Plan
Happiness <= threshold value d
OR en 2
Cyclus has run x times d Clust®
Calculate Updat
Statistics 5
72 2
@ Stay, > Calculate
“as Statistics
Determine
gend - Happiness
Determine da‘ed ClvS
Happiness Up!
Y

time
Figure 2: Clustering cycle run through by the agents

The process can be divided into two main phases. The first phase covers the initialization of the Map
and Cluster Agents. The Map Agent is created and statistics describing the dataset are calculated.
Following that, for each of the input geometries a Cluster Agent is instantiated. They themselves
begin to calculate statistical values and can determine their happiness from them. By sending the
information about their happiness to the Map Agent, he himself can compute his happiness. The Map
Agent’s happiness depends on the average Cluster Agent’s happiness and the constraints that there
exist no cluster overlaps and that the number of clusters is in the threshold limits. Now the second
phase, the clustering cycle, is starting. At first, the Map Agent checks his constraints and then
proposes plans to solve occurring restraints. This can be plans to merge or divide clusters. In case of
overlapping or touching cluster geometries, or if the maximum number of clusters specified before
has not been reached yet, clusters will be merged. A division occurs, if the desired minimum number
of clusters has been under-run. In the next step, Cluster Agents are asked to submit their own plans.
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They propose plans to move an element of the cluster to another cluster, if it appears that the element
will be happier in the neighboring cluster. If there is no neighbor available, a plan to split off the
element to a new cluster will be suggested. These plans are sent back to the Map Agent, where they
are evaluated. Plans that promise a higher happiness increase will be accepted over ones with a lower
increase if they concern the same cluster. Map Agent’s plans are approved prior to Cluster Agent’s
plans. In the next step the plans are sent to the Cluster Agents and executed. This leads to changes in
the cluster geometry that are sent back to the Map Agent to update his knowledge object. Then, the
controlling agent calculates new statistical values and sends them to his subordinated agents. They
can now calculate statistics themselves and determine their happiness value, which is sent back to the
Map Agent. Finally, the Map Agent computes his happiness and the whole cycle is re-run if the
threshold has not been reached or the number of clusters is not in the desired range. Summarizing the
clustering process one can say that the Map Agent is in control of the process by deciding about the
plans, while the “real clustering work” of merging and dividing clusters, adding and removing
elements and calculating statistical values is performed by the Cluster Agents.

The implementation of the system has been realized using ArcGIS Desktop 9.3 as geoinformation
component, whereas for the multi-agent part we used the AgentService framework that has been
developed by a research team at the University of Genoa, Italy and has been published under the
GNU Lesser General Public License. Vecchiola et al. (2008) describe the framework that is aimed to
help programmers to develop, implement and deploy agent-oriented applications by providing a
variety of tools and offering a flexible software infrastructure. The components can be easily
customized and extended with new functionalities. The software has been written in C# .NET and
relies on the Common Language Infrastructure that makes it portable to different implementations of
this specification. This enabled us to integrate the framework into the programming environment of
ArcGIS using C# NET and ArcObjects.

RESULTS

For testing the clustering procedure a suitable vector dataset of water protection areas has been
chosen. This dataset contains a mixture of small and large polygons (see figure 3). Some of them
seem to be aligned; others seem to be grouped together a little bit. When manually trying to find
clusters, one would probably find seven or eight of them (red ellipses). Some features are difficult to
assign directly to one or another cluster, this can be seen where the red ellipses overlap.

Figure 3: Test area with water protection zones. Red ellipses indicate potential clusters.
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The clustering cycle has been started with constraints of seven clusters at maximum and three
clusters at minimum. A happiness threshold of seventy percent should be reached, and the process
was made to terminate after twenty iterations. The progress of the cycle can be seen in figure 4. Six
interim results are shown that demonstrate the development of the clusters. The clustering process
starts with building a cluster (convex hull) for each cluster element. At first, cluster elements that
touch each other are merged together in one cluster (iterations 1 and 3). Then, the neighborhood of
the clusters is checked if there are any similar features that could be integrated into the cluster. The
Map Agent decides which clusters to merge (iterations 5 and 7). In iterations 9 and 11 the large
clusters are formed to reduce the number of clusters to the desired value. After thirteen iterations the
clustering process is stopped because the Map Agent has reached a happiness value of eighty-four
percent, thus having a higher value than set by the constraint.

Iteration 1 Iteration 3
@ 2 %

Figure 4: Progress of the clustering cycle. Current clusters are marked with a red border, while the
cluster elements have a grey color.
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The result is illustrated in figure 5. When comparing the outcome to the considerations made in the
forefront of the clustering process, one can be quite happy. Most of the clusters expected have been
found. The large territories in the left part of the image that share a similar alignment and size have
been grouped correctly. The individual polygons in the right part of the image have been left lonely,
while the small polygons in the center have been clustered in a right manner. The blue ellipses mark
the results that might also have been expected but that not necessarily need to be a better result.

Result
(Iteration 13) "\

Figure 5: Result of the clustering process after thirteen iterations. The Map Agent has reached a
happiness value of eighty-four percent. Elements that could have been grouped differently are marked
in blue color.

CONCLUSION

It has been shown that our approach enables us to find groups of related polygons of environmental
data that belong together. This has at least been true for our test area. We know that to finally judge
our presented clustering process, there is a need of further tests with additional data that should vary
in size and structure. In future work also semantic attributes of the polygons could be taken into
consideration. Environmental features that consist of separated areas belonging together, e.g. biotopes
on both sides of a river that share the same name or ID, could then be fixed together to make sure that
they cannot be separated. However, it is planned to implement the “top-down” clustering method and
the possibility to work on multiple distributed computer systems. This will point out one of the
strengths of the multi-agent approach and hopefully improve performance further and reduce
computational time.
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