1000-9825/2001/12(06)0791-11 ©2001 Journal of Software # # % Vol. 12, No. 6

A Geographical Information System Based on Agent
Architecture

TANG Chao'y FENG Shan', XU Li-da®

Y(Institute of Svstems Engineering » Department of Control Science and Engincering , Huazhong University
of Science and Technofogy, Wukan 430074, China) ;

“(Department of Management Science and Information System, Wright State University, Dayton, USA)

E-mail; sfeng@mail. hust. edu.cn

http://www, hust. edu. cn

Received April 24, 2003; accepted November 14, 2000

Abstract - In this peper. Agent-based architecture has been introduced into (G1S for interactability and sca.a-
hility. The authors have developed an interface agent to interactively assist the user with the guery formation
process. The interface agent has a capability of oflering domain knowledge that s associated witl a given query.
Also the agent records user’s troubleshooting experience and shows it tn the same user and other uzer as hints.
Further, the authors also have developed the Agent-based architecture with a 2-tier mediator model in GIS to
meet the needs for interoperability among diverse application domains and integration of heterogeneous informa-
tion source. The broke: agent provides a matchmaking service 10 other agent. As a result, gualitative and quan-
titative data can be integrated into GIS. Finally a prototype system
described.

GGXGIS, using agent-based technnlogy is

Key words: interface agent; geographical information system; knowledge base; heterogenequs information

source ; mediztor

Geographical Information Systems (GI1S) have gained popularity in recent years. (18 software is unique in its
ability to capture, store, and manage spatially referenced data such as points, lines, and polygons (vector dita
model), or as continuons fields (raster data model). A conventional GIS incorporates digitized maps with database
systems, In particular, it is useful in a wide range of applications dealing with geographical and topological data,
such as logistical planning, oil/mineral exploration, environmental monitoring, archeology, epidemiology. and so
on. For many applicatior. domains, there is & nced to extend the (GIS environment to include several information
sources. These informatizn sources, such as object-oriented database management system, relation database man-
agement system and files system, run on network infrastructures to support certain users in their domain.

Early research on (15 is primarily concerned with the methodologies of efficient integration of maps and
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databases. Map-based spalial uperators are later iutreduced to improve the query answering capabilities. Such op-
etatnrs are area, wength . centroid, perimeter, located, within, contain, union, intersection, and differencel’?! 1n
addition, approximale spatial operators , such as near-ta, betweens and south-of , arc also studied and irnplemented
in some systems'?!. The advent of knowledge based sys-ems promises many new ways 1o enhance (315,

Fundamentally the end-users, regardless of emphasis, share onc charaeteristic that they use €15 as a problem
analysis and solving tool. The production of cartographic quality maps and presentations can certainly provide sup-
peort in many pertinent decision processes. But in e large information system, the size and complexity of -he schema
often make it difficult for the user 10 pose a query, This motiveted us 1o develap a knowledge-based agent to inter-
actively assis: the user with the query formation precess. Also the integration of the geographical /spasial and other
information sources in (G1S greatly facilitates the information retrizval and anelysis. We provide en agent-broker ar-
chitecture to integrate and access the heterogereous information saurces.

The remainder of the paper is crganized as fcllows. First, we describe an implementation of G1S in Section 1,
Then the implementation of interface agent and haw it works are given in Scetion 2. Section 3 shows the existing
technology to access and integrate hetercgeneous information sources. Section { presents an agent-hroker archirec-
rure for integrarion of hetercgenecus information source using a 2-tier mediator model and the integrated view. Fi-

nelly, Section 5 discusses the benefits of our agent-based GIS%.

1 Geographical Information System

Maps are simplification of the real world and are, therefore, model of rezlity. GIS can be viewed in this way.
Geographically, the systerm is concerned with data related ro geography and geagraphic scale of measuremen:. The
systern allews for the storage and extraction specitic and meaningfnl attribute information, These data are coanect-
ed to some geography. and are organized arourd a model of real werld. And, an automated sysiem should include
an integrated set of dara and procedure.

A geographical informat.on system allows a user 1o pose queries based on geugraphical chiects such as coun-
tries. stztes. cities, airports, rivers, cte. Further, it provides spatial operators for constraining the geographical
queries. In this section, we discuss the basic elements of a gevgraphical information system.

1. I Geographical objects and representations

There are three types of geogrephical objects: points, lines. and areas. For example. cities, schioolss or air-
ports can be shown as points on a map. Highways, streets, or rivers can be lines; countres. states, or lakes can
be areas. A point, which is a single (X ;Y) coordinate, represents a geograplic [eature too small o be depicted es
a line or an area. A line is a set of urdered coordinates that represent the shape of a geographic feature 1on narcow
10 be displayed as an arca. An area [eature is a closed figure (series of arcs comprising its boundary) enclesing a
homogereous rea. such as a state or water body. These objects can be represented in one of the two forms

1. Raster: raster representations use a set of small and regular grids (or pixels). Fach grid has a value to rep-
resent its status: a point. a line, a lake, ete.

2. Vector: vectur represcntations usc the geometric Cartesian coordinate system, specifically. longitude as ¥
and latitnde as Y.

We use the vector representation in our systemn: (XGIS.

We apply the object-oriented technique ta implement the geograph.cal objects as shown in Fig. 1. With this
technigue, more specific object 1ypes are derived Irom the three basic types. such as enuntry. state. city. aiwport,
highway, etc. They are the real entities that can be found in the databases. Since the object-oriented technique

supports inheritance, derived classes also have all the features defined in their perent classes {ncluding the spatial

© HEFRES AT http:/ www. jos. org. cn



BR Y —HET Agenmt B AR MBI L ALK 793

features from the classes such as points, lines and areas. Thus, these objects have both geographical /spatial infor-
mation from the map and specific factual information from databases. Further, the encapsulation capability provid-
ed by the object-oriented technique allows the differences of the various ohjects to he hidden so that they can be

manipulated in a similar manner. Thus, each object can be easily selected. retrieved. and displayed on the map.

TGX Persistant

TGXObject | [ TCXRenderAteribure

= —
= Py - == ___

[ ToXTen | [“TGKPohLine ] [TGXPen [ ToXBrush || ToXColor |

TGXFPoinTex: TGCXPolyGon
Fig. 1 Object hierarchy in GIS

This greatly [acilitates the querying process.
1.2 Tepology and spatial-relationship operators

Topology is the spatial relationship between connesting or adjacent coverage features (e. g. , arcs, nodes,
polygons, and points). For example, the topology of an arc includes its from-and-to node and its lelt and right
polygons. An impartant feature of the basic geographical objects and their derived objects is that they are frequent-
ly spatially related. A city is always in a state, which in turn is in a country. A river can go through several states.
Two states are adjucent to each other. These spatial relationships can be used to constrain geographical queries as
well as to infer more geographic infermarion. Using spatial relationships can significantly erhance the query capa-
bility. Some of the relationships sre preciseiy defined and can usually be inferred or calculated from existing geo-
graphical information besed on geometry theory'™. Qur system provides rhe following spatial operators to express
these spatial relativnships .

¢ located : point vs point.

» within: point vs linc/arca; line /area vs arca.

v contain: area vs point/line farea.

* intersect; line/area vs line/area.

* unlon: area vs area.

+ difference . area vs area.

These spatial pperators can be used in our system to speci-
fy the spatizl conditions in geographical queries. In particular,
it allows the user to draw a polygon on the map and ask to
‘lind all the cities in this area’. Since this polygon is an arbi-
trary arca, there may not be any predefined real entities in the
databases to match it. Thus, the system has to teke several
steps to process this query. First, it creates a rectangular
bounding box to replace the polygon, and then poses the query
hased on the hounding box. Adfter answers are rerurned from
the databases, it only returns those within the polygon (see

Fig. 2). Further, with these spatial cperaars, geographical

objecis can be dynemically created when needed. For example,
a query such as ‘find all the cities in state X’ retrieves all the
cities in state X from databases, creates the city objects ta Fig. 2 Find all the cities in this area

record the answers and related information. ané displays the abjects on the map.
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1.3 System architecture

Figure 3 shows the overall system architecture. We will discuss the architecture in the following section.

|1can on | p[lcatlon Appl ication layer

Imeriace agent " Uker agenr

Common
uoer agent

Hnmgsn:zaf:ion Hcmogenuan.on Hotmaogenization H)‘mogemzau(m
: mediator medlatnr medmtur mediator

Tmub User Spatial

Fig. 3 Architecture of Agent-based GIS

Tnformation sources

2 Implementation of the Interface Agent

A software agent, in general, is an intelligent piece of solftware that czrries out something on behalf of human
computer userst’ "%l Here, the proposed interface agent presents nsers with guidance like a tutor so that even a to-
tal beginner to the (GIS system can learn, during the operations, how to perform analysis of his/her interest with-
eut human support. The major funcrions of the interface agent iaclude.

(1) Help users in descrihing the desired information in a format that is suitable to their needs.

(2) Provide approximate answers to a user’s query by knowledge-based relaxation when exact answers are un-
available or high-level and Lmprecisc queries arc posed.

(3) Record the troubleshooting case data as the user experience of selving troubles, build up and show the
case data to the vser when a similar error occurs againt’

2.1 Supported geographic queries

Traditionally database systems require a user to understand the database schema and only return exact an-
swers to a user’s query. Consider asking a query to a human expert of geographer. 1f the posed guery has no an-
swer or the complete data for an answer are not avzilable, you do nor simply get a null response. The human ex-
pert attempts 1o understand the gist of your query, to suggest or answer related questions, to infer an answer from
data that are accessible, or to give an approximate snswer. The goal of interface agent is 1o create information sys-
temns with these characteristics, The key is the integration of a knowledge database that represents rhe query se-
mantics. More specifically. the interface agent classifies each geographic query as Fig. 4. We now present a few se-
lected examples to illusirale the classification and the query process based on integrated view over multiple infor
marion sources (In 3ection 4 we will describe the integrated view),

Example 1 Question. Where is YiChang city located and what is its population size? We can directly form the
SQL-like query language as the query is supported hy the integrated view.

Select Location, population

from IntegrateViewCities. cities

where Objectld= *Yichang’

Example Z Questiun. Find the population of the part of YiChang that ChangJiang River goes through? To an-

swer the question. we have to use spatial cperator 'within’. Firstly, find those places in YiChang that ChangJang
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River goes through.
Select Objectld Knowledge basc

from IntegrateViewCities. cities <upport

where river within Objectld
Computable
Seoondly sumup the pnpulﬂtinn of thoss p]a(‘.es. support support

Select Sum{population)

Geographic query

k

from Integrate ViewCities

where Cbjectld in (Select ObjectId where river within Objectld) Fig. 4 Supported query

Example 3 Questicn. Find the population threatened by floodwa-
ter coming from Changliang River. To answer this question, the GIS must understand the meaning of ‘threatened
by floodwater’. The interface agent will match it in its knowledge database. If not matched, the agent will suggest
an answer or interact with the user to acquire more information and maintain the knowledge. If the user gives more
information, say, ‘near the Changliang River and elevation is 4 little low” , the interface agent will reasen its con-
text-sensitive knowledge-base 1o specify the approximated spatial operator ‘near’ and ‘z little low’. At last, the
query can be executed accurately. The whole process is iliustrated in Fig. 5.

From the example shown above. the geographic query can be

classilied into three groups. The interface agent will process as

Usct follows.
E?sdm_:;?{;: Efqﬂﬁufe?;hlc &I.n[l?;gﬁfl;;;e Direct support geagraphic gueries, these are yueries syntacti-

T Cuery amalysis ] cally supported by the integrated view.

} Mach ™[ Mainzain — Computsble support geographic queries. these are queries
R

[ Enowledge maruger -
Net mstih lezr{‘}wﬂ ¢Qm||ar mato

[ Form guery language | grated view.

that use the spatial operation as conditional censtraint on the inte-

Fg 5 Knowledge- hased query Knowledge-based support geographic queries, these are

queries that can be executed in two steps: first a knowledge match

is exccuted s and then a computable support or direct supporr geographic queries is applied 1o the resulis of the first
step,

The classification of geographic queries introduces the following innovations ;

+ A designer can succinetly and clearly define the functionality of information sources with the three types of
geographic query template as a paradigm fo:r end-users.

* The agent automatically extends the query capabi.ity of sources that have limited functienality. This allows
us ta bring different sources to the szme level of functionality and then it is easier to intagrate them.

* The classification helps the end user to understand the integrated view.

Une of the advantages of 1he interface agent in the system is that it can respond to a variety of user requests.
Such systems allow a user to pose high-level or imprecise queries and 10 receive approximations wien answer sets
do not exist. The interface agent matches its knowledge base and interacts with user to provide domain knowledge
that is associated with a given query. Yet such systems should also be able to explain how they interpreted a uscr’s
query and derived answers. In addition, z user should be able to interrogate the system to obtain a precise descrip-
tion of the actions it tonk in arriving at the answers.

2.2 Reusc of troubleshooting experience

During users® operation, the query analysis manager always takes the log of sequence of events. If the GIS re-

ports an error, the agent will be able to detect it. When an error actually occurs, the query analysis manager

knows the error code and as shown in Fig. €. asks the troubleshooting knowledge manager to search the case base

© HEFRES AT http:/ www. jos. org. cn



756 Journal of Software A FIR  2001,12¢6)

Error cecours) labeled with the same error code for a past sequence of

operations that wmatches the current one with some

[ Store recent operation sequerce

tolerance. T such a sequence is found., the query analysis

/ Any simnilur sequence in case

base witn the same error code S Yl“:l manzager, through the progress manager. presents the us-

o e g €T with the troubleshooting sequence of operations con-

Momitor_vnguing_troubleshooting ) Ltmuue shmhngJ wained in the matched case data. I there is no such se-
sérjlience

quence in the case base. the query analysis manager keeps

(Detect success of_troubleshuoting
1 momtoring the ongoing troubleshooting process unti] the

Extract &. register net troubleshooting .
L & ¢ very command that caused :he error is successfully execut-

sequence in case base

Fig. 4 Reuse of troubleshooting cxperience ed. At that time, the agent knows that the trou-
bieshooting has ended. Exeluding the vser’s sequence of
operations during tfials and errors. it extracts the net steps tzken to solve the trouble and stores them as a cose
data. The case data include the error code. the error message. the operation sequence that caused the error and
steps taken to solve the trouble,
2.3 Architecture of the interface agent
A prototype in Fig. 7 of the proposed interface agent was implemented on a PC. The operating system is Win-
dows NT 4. 0. The knowledge manager program was written in C {partly C + + 7, and the interface agent is imple-

mented in Jave language.
3 User
EA o Query analysis T
i § [

{omputable
Cormmen
user agent

mixde] trensgen
Information

SOUICES

Ticubleshooting | Knowledge
| case- base manager | manager
x Iy

Trou bleshoor.l ng
case. ba%_ D& <n0w1ﬁ"]gp R

Fig. 7 Archltecture of the interfece agent

3 Intcgration with Other Information Sources

Te many. the most ohvious and appealing feature of (G1S is the ability to present analysis results of certaln do-

[8-77 Far certzin domain there are its own information seurces - - data storeed not JusT in sTan-

main in map form
dardized SQL database, but also in. e. g, . abject repositories. knowledge base, file system. and document re-
trieval system. Usually zpplication integrated with Information Sources runs on the nerwork infrastructures. Un-
der a disfributed computing model a few paradigius exist for facilitating integrated access to heterogensous and au-
tonomous data sources, notably the federzted database systems (FDBs)™5), and the mediator systems(®~19,
3.1 Existing integration technologies
3.1.1 Federated database systems

Federated databases (FDBs)!"™ support variations of a five-level extended schema architecture. A local schema
is the conceptual schema of a component database; it is expressed in the data model of tke component database.
Different local schemata may be expressed in different data models. A component schema is derived by translating
a local schema ino a canonical date wodel. An export schema is a subset of a component schema that is made avail-

able to the federation. A federated schema is an integration of mulriple export schemata. The external schemate
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aze the views cxposed to applications and end users. There are two types of FDBs, the tightly-coupled and the
loosely-coupled.

3.1.2 Mediator systems

A mediator is a software module that exploits enceded knowledge Application/end user
about some sets or subsets of data to create inlormation for a higher lay
er of applications”?. A mediator sysiem has the form illustrated in Fig. " T
PP y g Medimtor

8. A wrapper is a special mediator that handles idinsyncrasies of individ-

. . . W W W W
ual deta sources. Today, many mediator systems are being built™ ', TEPpR | | Trebper e ) MEL) sl

Unlike federated databases that often aim at creating a single database @b @ @ W/}

iliusion, mediator systems offer specific information services. Such ser- Fig. 8 Mediator systems

vices can be built based on existing services provided by ather media-
tors. Thus, the mediator system is not monolirthic but is a network of mediators, each accessing multiple heteroge-
neous data sources and/or other mediators. Compared with FI)Bs, the mediator systems put more emphasis on
flexihility ., versatility, and knowledge-based capabilities. Domazin specific mediators (the so-called vertical media-
tors) often exploit domair knowledge to enhance usability and performance.
3.2 GIS using 2-tier mediation system

When integrating information sources in GIS, we distinguish between two categories of heterogensity among
data sources'¥]; schematic mismatches that arise when the same application domain is modeled differently: and in-
stance level conflicts that arise when inconsistent values for the same real world obiect are recorded. Schematic
mismatches must be resolved before instance level conflicts are tackled. The pracess of resciving schematic mis
matches is relerred o as homogenization. In GIS, specialized mediators, the homogenization mediators, support
this process. The result of homogenizing a source is a homogenizing view that hides the deviations of this source
from the target applicaticn view in bath structure and semantics, The integration mediator ‘glues’ a large number
of data sources together by combining all the hemogenizing views into an integrated view. Since all the sources are
homogenized , the integration process is greatly simplified; it only considers instance level conflicts; and schemaiic

heterogeneiry has been largely removed by homogenization as shown in Fig. 9.

Application 1 Application 2
Tosegsaiion_medietor
e T T
[ Homogenization mediator ] [ Hormogenization mediator | | Homogenization mediator | \ Homogenizaticn mediator |
(. Pt
-

Fig. & 2-tier mediztion system
4 Agent-Based Architecture

4.1 Overview of the ageni-based system

We have developed a prototype system, called GXGIS, using Agent-based technology as shown in Fig. 10.
The GXGLS application comsists of a collection of agents, aiming at portability and compatibility with popular Web
Browser. The Agents can be organized as the user agents (those appearing to the left of the cloud) that actas prox-
ies for individual users or specific domain applications, the resource agents (those appearing to the right of the
cloud) that serve as interface to information sources and broker agents (those enclosed by the cloud).

4.2 Resource agent and homogenizing view

The resnurce agents resolve schematic mismatches and provide hemogenizing view!™, The process of resolv-
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Fig. 10 Agent—Hased architecture

ing schematic mismatches is referred to as homogenization. The restlt of homogenizing # source is a homogenizing

view that hides the deviations of this source from the target application view in both structure and semantics. An
example is given about the hamogenizing view. Consider a spatial datahase storing the geographical information cf
citles ard the relation DBMS manages the information of cities on pepularion and Gross Domestic Product (GDP)

annually. The local schema can be described as follows,

Class city_spatial Relation city _info{Name string;
type ruple( Population . longini;
objectid :string 5 )
ObjectData : Pointlisr; Relation city . GDP (Name ,string;
Objectiype ;string; Year:integer;
RenderAtribution ; tople (pen . TGX Pen; GIJP . float
Brush: TGXBrosh; color: TGXColor) )
]
SpatialDB schema RelationDB schema

We can give the homogenizing view with the specification of extensible vicw!'Jfor the two data sources as follows .

define TocalInterface I.Veity spatial as{

structure {type city _spatial: tuple(ohjectid .sring : (bjecttype srring ; (bjectData . Pointlizt s
Render Attribution :tuple (pen: TGXPen s Brush: TGXBrush: eolor: 1'GXColor)) }
Access {type city spatialStype city .spatial in SpatialDb

type ObjectData=rtype ObjectData in Spatiallb H
Semamtic ¢ objectid in Lype city spatialname of type city_info in LVcity_info
objectid in type cily -spalialname of type city- GDPset in LVvceity (info | |
define Locallnterface I Veity_info as{
structore { type city into: tuple{Name :string; Population:longini ;)
type city GDPset: set {city GDP)
type city GDP . tuple{Name;string ; Year :integer sGDP 1 float ¢ }

Access | type city_infocotype city .info in RDBMS
type city_GDPset<stype city GDT'sel in RDBMS }
Semamtic! name in type city_info&objectid of type city_spatial in LVcity. spatial;

name w type city GDPset=tobjectid of type city . spatial in LVeity sratial;}}
4.3 Common oser agent and integrated view

The common user agents are responsible for integrating a large number of data sources together by comhining
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all the homogenicing views inw an integrared view™®), Since all the sources are homogenized . the integration pro.
cess is greatly simplified: it only considers instaace level conilicts; and schematic heterugeneity has been largely re-
moved by homogenization. Building a common user agent means building an integrated view. The common user a-
genr also includes a query processor, which converts geographic query based on the integrated view into homoge-
nizing views. The example followed shows the integrated view combined from the two homogenizing views above.
define IntzgratedView IntegrateViewCiries as
structure { type cities ;tuple (cbijectid :string; location: paintlist;
population: longint ; city_GDPset: set (city_GDP) ) }
Semamtic {objectid of type cities=
vbjectid of type ciry_spatial
in LocalInterface [.Vriry spatial
location of type citics&s
location of type cizy_spatial
in Locallnterface [ Vcity _spatial ;
population of type citiess=
population of type city_info
in Locallnterface L Vcity _info,
city _GDPset of type citiest=
city -GDPset
in Locallnterface LVecity_info;}
H
4.4 Broker agent
The broker works as distributed components that communicare and cooperate via Object Reguest Broker
(ORB), as shown in Fig. 11. One of the primary jobs of a broker is to mainiain a repusitory containing current and
correct information about operational agents and the services they can provide. When an agent comes online, it an-
nounces itself to broker hy advertising to it. The broker stores all of the advertised information in i-s repository.
Figure 12 shows some of the information tha: can he advertised by a broker agent, When an agent’s set of aveilable
service changes, the agent may update its advertisement . and the hroker will update the information in its reposito-
ty. When an agent goes offline, it will first unregistered itself from the broker. Also. the hroker periodically pings
sack of the agents that have advertised to it. to discover any agent that has failed. The broker removes from its
repository all information ahout agents that have failed or unregistered themseives. The broker will make the GIS

more scalable and efficient.

Fig. 11  Broker in GIS
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Agent name and loeation
The unique identifier for 1he agent
Directions on how to contact the agent (host, pert. transport protocol)
Agent type {c. g. » broker agent, respurce agent, user agent)
Agent syntactic knowledge
Communication languages/scrvices {c. g. » KQML.. CORBA}
Content languages (e. g. , SQL, geogiaphic queries)
Agent capabilities
The conversation types it can participate in (e. g. , ask-all, subscribe, tel)}
The capabilitivs of the sgent Ce. g. , Thrert suppart , Computable support. Knowledge based suppart)
Agent content
Supported ontologies (e. g. , economic?
Agent properties
Adaplivity (¢. g, , cloneable, mobile, gble to operafe disconnectedly)
Fig.12  Advertised information

5 Conclusion

We have developed a prototype system"'™——GXGIS. using distributed agent architecrure. Our implementa-
tion so far has served twao purposes;

(1) The interface agent processes -hree types of geographic queries. The classification helps to define the
functicnality of information sources with the three types of geographic yuery templale as a paradigin for end-users.
The agent matches its knowledge base and interacts with user to provide domain knowledge that is associated with
a given query. Also the agent records user’s troubleshooring experience and show it 10 the same users and other
users zs hints.

(2} The broker-agent architecture of GIS can mest the zeeds-for integration of heterogeneous information
sources. The agents cen be organized as user agents, resyurce agents and bivker agents. Also we model mediation
as a 2-step process ; homogenization followed by integration. each perfarmed by respective mediation. The hroker

and the Z-uer mediation medel make the GIS more scalable and efficient.
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