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User Interface Issues in Geographic Information SystemsJuliano Lopes de Oliveira Claudia Bauzer MedeirosJuly 1, 1996AbstractRecently, much research e�ort has been employed in the area of Geographic Infor-mation Systems due to the vast potential for applications of this technology. Simul-taneously, user interface subsystems of software products have received attention sincethe interface has marked in
uence in software acceptance. This paper presents an over-view of research done in the intersection of these areas. The main approaches and thecurrent problems of user interfaces for Geographical Information Systems are discussedand analyzed. This study concludes with open problems and new research directionsfor future work in this area.1 IntroductionGeographic Information Systems (gis) group tools and methods for the management andretrieval of georeferenced data. These data refer to geographic phenomena and includestheir physical location and spatial relationships [Car89]. Applications of gis technologyvary from worldwide scale (e.g., global natural resource management) to local concerns(e.g., city planning). Examples of such applications appear in areas such as infrastructuremanagement, surveying and mapping, transportation and logistics, election administrationand redistricting, natural resources management, and many others [MGR91, ABC+91].The economical and technical perspectives of gis have also been noticed by the rese-arch community, and although the �rst developments have begun in the early 1960s, onlyrecent advances in hardware and software technology have made possible the implementa-tion of systems with adequate functionality. The main characteristics expected on the newgeneration of gis are:� Data is managed by geographic database systems: the systems should provide all theadvantages of conventional Database Management Systems (dbms) extended with thecapability of manipulating georeferenced data. There is a trend for implementationof such geographic database systems using object-oriented dbms.� The architecture of gis is open: therefore, the set of functions and spatial analysistools provided by gis are extensible, allowing smooth integration with other systems.� There is intensive use of graphics capabilities: these capabilities are used not only forstatic output (such as paper maps), but also for dynamic and interactive displays.1



� Georeferenced data originates from many di�erent sources (e.g., satellite images, di-gitalized maps, and census tables): as a consequence, multiple representations of thesame entity of the real world may coexist in the geographic database.The user interface system (or interface, for short), has gained much attention sincesoftware developers realized that usability is a key factor for the success of a product. Infact, for the majority of the users, the interface is the system, and therefore the choice of asoftware product is based on the ease of use of its user interface subsystem.The economical and technical importance of the user interface is now well established inthe computer science research community, and many conferences and projects all over theworld deal speci�cally with human factors and user interface issues. Open problems stillexist in this area, and they are increased when merged with the properties and idiosyncrasiesof gis.This paper discusses the barriers for the development of adequate user interface systemsfor gis. The next section shows the particularities of gis that increase the complexity of itsuser interface. Section 3 describes architectural alternatives for implementation of gis userinterfaces. In section 4 the existing languages for the interaction with gis are analyzed.Section 5 addresses human factors and cognitive aspects of gis user interfaces. Finally,section 6 presents the conclusions of this work.2 Distinctive Features of GIS User InterfacesThe fundamental question to be answered in this section is: why gis interfaces are morecomplex than other dbms interfaces. In fact, if we assume that gis have a spatial dbmscomponent, the user interfaces of gis may be considered in the light of conventional dbmsuser interfaces. In this sense, all the desired features of dbms user interfaces should bepresent in gis user interfaces. [Oli94] presents a non-exhaustive list of such features thatincludes:� access to the whole set of dbms features;� automatic display generation;� support to di�erent abstraction levels for data visualization;� data access via dbms only;� support to database integration; and� full representation of the dbms data model.A brief discussion of these features can give a 
avor of the additional complexity of gisuser interfaces. First, gis are open systems with extensible functionality, and so should bethe user interface in order to provide access to all the gis functions.Automatic display generation is very simple in conventional dbms. In object-orienteddbmsthe problem is complex, but suitable solutions have been presented [MM91, OA93a].2



In gis, however, this task is incomparably harder, involving very complex steps (for ins-tance transformation of arbitrary alphanumeric data into graphic format, or cartographicproduction).Generalization, which is an open research area, is unavoidable in user interfaces o�eringdi�erent levels of visualization. There are two main types of generalization [LR93]: abstract ,which deals with schema manipulation to provide di�erent views of the database, andcartographic, which manipulates geometric objects and symbols to improve the readabilityof spatial data presentations. In dbms, only abstract generalization is involved; in gis,cartographic generalization contributes to the complexity of the problem.The volume of data manipulated in gis is usually very high and the interface has toprovide large bu�ers to temporally store and manipulate the data retrieved from the spatialdbms. E�cient management of bu�ers is thus a typical dbms problem that the gis interfacemust deal with. In conventional dbms interfaces this problem does not arise.Database integration, or schema integration, is di�cult in conventional dbms becauseof the di�erent semantics of data. An important feature of gis is the support to multiplerepresentation of the same real world entity. For instance, a given road may be representedas a satellite image or as a graph for a transportation application. Therefore, in gis theintegration problem is harder because, beside the con
icting semantics of data, it is possibleto occur incompatibility within the representations of the same data.Finally, the conceptual model of the underlying gis cannot be used as the representationmodel of the interface (contrasting, for instance, with relational dbms interfaces). Datamodeling in gis involves spatial concepts usually expressed as low level data structures,such as lists of coordinates, which are not adequate for human spatial cognition. Graphicalrepresentations are therefore used as an intermediate model, and the burden of translationbetween models is undertaken by the user interface system.There are many other di�culties for developing gis interfaces, and they are studied in theliterature in three main areas: architecture, language, and human factors. Figure 1 relatesthe three areas in a diagram, showing the overlappings among them. Papers dealing witharchitectures for gis interfaces try to optimize the communication between the gis and theinterface system, through a internal language Li. The main goal is to build a representationmodel at the interface level that can be mapped to and from gis data models in an e�cientway. In analogy to relational dbms, the internal language, Li, corresponds to the relationalalgebra while the external language, Le, could be compared to sql.In general, research at the architecture level does not completely describe an externallanguage Le. This language is used to convey the interaction of the user with the represen-tation model of the interface, and it is su�ciently complex to be treated as a separate �eldof research. The objective is to provide e�cient mappings between the user mental modeland the interface representation model, with emphasis on the latter model.E�orts in the area of human factors share the objectives of those on external languages.The approach, however, is much more abstract. The de�nition of a mental model of theuser is the main concern. This user model is mapped to the representation model, andvice-versa. Rather than being directed by a speci�c language, these mappings emphasizethe user mental model. The target of the research is to understand how the user thinks and,based on this knowledge, to develop the appropriate representation model in the interface.3
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icting necessities. The main solutions ineach of these areas will be presented in the following sections.3 GIS User Interface ArchitecturesAs it was already mentioned, modern gis make intensive use of dbms facilities, and nowa-days the dbms is considered the heart of a gis. The coupling of dbms to gis has been doneaccording to three architectures [MP94]:1. Proprietary systems: a special-purpose dbms is tightly coupled with the gis spatialmodules;2. Layered systems: a standard dbms is used for spatial data access functions, which areusually implemented by external packages;3. Extensible systems: third generation dbms (extensible relational and object-oriented)embed the spatial dimension and provide language facilities to support spatial func-tions. 4



Recent research is biased to the third architecture, since the underlying dbms of exten-sible systems provide powerful data models, e�cient support to non-conventional (spatial)data, and uniform access facilities for both aspatial (alphanumeric) and georeferenced data.The architecture of the geographic information system may or may not in
uence thearchitecture of the user interface system, depending on the type of connection betweenthe two systems. The remainder of this section is divided in three subsections: the �rstanalyses the connection of user interfaces to gis; the second discusses interface architecturesproposed in the literature; the last presents some concluding remarks.3.1 Coupling User Interfaces and GIS
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Figure 2: Strong Integration of User Interface with GISThere are two basic approaches to integrate a user interface system to a dbms, and inparticular to a gis: strong integration and weak integration [Voi94]. In the former, the userinterface is part of the geographical system, sharing its data model and taking advantage ofthe knowledge about the internal data structures. As a consequence, there is great di�cultyin using data from di�erent sources, and it is not possible to adapt the same user interface5



to di�erent gis.In this approach, the interface must \know" the internal details of the gis architecture,which has, thus, great in
uence in the interface architecture. If the gis is based on aproprietary dbms, the interface architecture has to provide modules for interaction witheach main component of the gis (�gure 2, part (a)).If the gis has a layered architecture, the interface architecture has to provide at leasttwo di�erent types of modules for communication with the standard dbms and with theexternal packages that deal with spatial functions (�gure 2, part (b)).Strong integration with extensible systems demands a single module in the interfacearchitecture to handle the knowledge about the extensible dbms(�gure 2, part (c)). Thismodule, however, is very complex since all the dbms features are represented there.It can be observed in �gure 2 that the degree of encapsulation of the interface increasesfrom proprietary to extensible gis architectures. The second approach for integration, weakintegration, is based on maximum encapsulation of the user interface (�gure 3).In weak integration, the user interface considers the gis an external module (and vice-versa), and is therefore adaptable to more than one system. The major disadvantage of thisapproach is that it demands the de�nition of communication and data conversion protocolsbetween the user interface system and the geographical system. In strong integration thisis not necessary since the interface can directly access the information in the gis.
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InterfaceFigure 3: Weak Integration of User Interface with GISIn spite of this disadvantage, weak integration is used in the majority of the interfacesystems proposed in the literature. The main reasons for this choice are [OM95]:� There is a world-wide trend towards the development of open systems, which can beintegrated with other products, and gis are among the systems that pursue this kindof architecture (e.g., [AYA+92, VvO92, GR93, PMP93, VS94]).� It provides independence and improves specialization of functionality of each compo-nent (user interface and geographical data management).� It allows importing specialized packages, such as graphical libraries, into the userinterface.� It allows the progressive inclusion of new services and functions in the gis, withouta�ecting the interface. 6



� No speci�c modules are necessary in the interface architecture, since no special kno-wledge about the underlying gis is maintained.� The communication between the systems is based on the internal language of thegis. A external driver in the interface manages this communication. This driver hasalways the same function, that is, it is always responsible for mapping the gis datamodel to the representation model of the interface, through the gis internal language.Therefore it is not di�cult to build a new driver for the integration of a di�erent gis.It is worth noting that there is no absolute division between strong and weak integra-tion; as a mather of fact, the passage from strong to weak integration is gradual, and theintegration with extensible gis (�gure 2 (c)) could be considered an intermediate solution.3.2 Review of Proposed ArchitecturesThe gis user interface architecture has to de�ne four important aspects. The �rst and mostimportant issue is the integration approach, which was discussed above. Second, the maincomponents (modules) of the interface system should be identi�ed, and their functionalityand interoperability should speci�ed. Next, the interface architecture should de�ne theinterface representation model and the mapping mechanisms to and from the gis datamodel. Finally, the division of tasks between gis and interface should be clearly de�ned.These four aspects guide the analysis of the architectures presented bellow.3.2.1 Voisard [Voi91]
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Voisard assumes, in [Voi91], that due to the diversity of geographic applications, there isno user interface model general enough for customizing the presentation of all applications.For this reason she proposes a toolbox approach for describing particular gis user interfaces.An interface toolbox for gis involves the manipulation of several models: the user datamodel (e.g., map metaphor), the database model (usually relational or object oriented), thedata representation model (the interface intermediate model), and the map display model(visual objects manipulated in the user interface). In [Voi91] the architecture of a toolboxis described, with prede�ned user and database models and great emphasis on the mapdisplay model.According to [Voi91], de�ning a general toolbox independent of the database data modelis bound to fail, but given a data model, it is realistic to de�ne an external spatial modelindependent of the application, with a mapping from one representation to the other. Theproposed toolbox architecture is shown in �gure 4.The map display model has two levels: the higher one is the interaction level, whichcontains interaction objects such as windows and menus. A special purpose window, calledMapget, is used to display maps and to react on user events (e.g., mouse clicks). The lowerlevel is the external spatial level, containing visual objects such as polygons, arcs and points.These objects come from a mapping of the database model.In the interaction level, maps are organized in layers, which can be opaque or trans-parent. This feature is useful to visualize several maps without superimposing them. Alayer-stack manages layers in a given order, and provides operations such as shift-up orshift-down to change the order of the layers. An application is basically a set of layer-stacks.The external spatial level deals with images, which have sets of visual objects withgeometric and graphic attributes. The objects are mapped from the database model, andthe image uses a meta database for legend. An image is displayed in a Mapget through apresentation. A map corresponds to a single image (static de�nition of geographic objects),but may have several presentations (dynamic de�nition of visual parameters).The proposed map display mechanism can be performed in �ve steps: 1) read data-base and meta database; 2) convert geographic data to external spatial model; 3) de�neinteraction objects (mapgets, layers, etc); 4) compute presentation based on (user's andenvironment's) parameters; 5) link presentations to mapgets.Although the paper proposes a generic architecture, only the map display model is de-tailed. The database model chosen was the O2 data model, but the mappings from onemodel to the other are not de�ned. In a posterior work, the author considered these draw-backs and proposed an extension of this architecture. Section 3.2.5 presents this extendedarchitecture.3.2.2 Abel et al. [AYA+92][AYA+92] presents an architecture model for gis. The model has three types of entities:Collections (an aggregate of entity instances), Views (user-visible representations of datacollections), and Operations (functions that act on collections and views to generate othercollections and views). The system is controlled by a special operation, the user interface8
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Figure 6: Architecture adapted from [Env92]data model.The arc/info data model is a hybrid georelational data model that uses a topologicaldata structure to store a collection of coverages, which are basic units of vector data storageand can represent several types of geographic features [Env92].The tools and applications of arc/info build speci�c data models on the base gene-ric data model. For instance, arc/info provides separate tools for data entry and edit,data analysis, data management, custom application building, and cartographic production.Each of these has its particular data model, based on the generic model, and its own userinterface components. Moreover, arc/info o�ers a user interface toolkit allowing applica-tion programmers to create application-speci�c graphical user interfaces through standardwidgets.arc/info is currently one of the most widely spread commercial gis. Its user interfacearchitecture, however, does not give much contribution for a general solution of the pro-blem, for two main reasons. First, each tool has its own strongly connected user interfacecomponent. Thus, it is di�cult to separate the application and the user interface compo-nents of each tool. Second, the tools are strongly based on a particular data model. Theconcepts of the arc/info data model are not easily mapped to a generic gis data model.3.2.4 Pissinou, Makki and Park [PMP93]The user interface architecture proposed in [PMP93] consists of several modules whichprovide generic services at the user level, which are translated into di�erent procedures at10
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Figure 7: Architecture adapted from [PMP93]lower levels of the gis architecture. The objective of the interface is to require minimalknowledge from the user for accessing the gis functionality.The architecture is multiagent , that is, it is structured into a collection of specialized andcomplete information processing systems (the agents) that produce and react to events. Themain agents of the architecture are the Monitor, the Showcase and the Workshop (�gure 7).The Monitor's main function is to control the overall consistency of the agents. Itcan detect any operation of any agent in the system, decide if the operation has a sidee�ect, in which case it sends an update message to the a�ected agents. The agent receivingthe message is responsible for its interpretation. This behavior is useful in distributedand cooperative work. Distributed displays allow the creation of multiple views of thesame collection of objects. In order to control the consistency of a multiuser distributedenvironment, the monitor maintains a dynamic semantic view dictionary of the system.The Showcase agent is responsible for coordinating its cooperative agents, while theWorkshop agent provides a complete user interface to manipulate the gis domain speci�cdatabases. Since agents share common properties they can be grouped into classes whichde�ne the protocol which can be understood by an agent's children (the processes spawnedby that agent).The proposed user interface forms the second layer of the four layer gis architectureproposed by [PMP93]. The �rst layer comprehends high level gis tools (used for knowledgediscovery, data integrity and control, hypermedia management and decision support). Thelayers below the user interface are the object oriented deductive temporal gis model andthe gis engine. The former represents both spatial and temporal knowledge about georefe-renced entities, providing procedures to perform operations such as comparison, derivation,11



prediction, validation, and visualization of data. The latter includes a rule manager, an ex-planation manager, a data access module, a meta-data manager and a multimedia managerin order to provide close integration of data access with the inference engine and e�cientsupport to multimedia storage and display.Since [PMP93] does not provide insight information in how the four levels are connected,it cannot be asserted whether the user interface is strongly or weakly integrated with thegis.3.2.5 Voisard [Voi94]
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Figure 8: Architecture adapted from [Voi94][Voi94] proposes a toolkit based solution for the design of user interfaces for gis. Thearchitecture is an extension of a previous work of the author (see section 3.2.1). Towards12



this solution Voisard classi�es gis interface functions in three categories:� Visual representation: display spatial (raster and vector) data; display description(alphanumeric) data; overlay maps; build and attach legend to map (color, pattern,text, symbol); change map scale; display di�erent representations of data.� Map manipulation: select geographic objects from the map; draw geometric objectsto parametrize operations; modify (spatial and description) properties of objects;formulate queries; browse in meta data level.� Database interaction: get (geometry and description of) objects to be displayed; de�nerepresentation based on the object's properties; update objects in the database; querythe database.This categorization of functions provides the requirements for the interface architecture.Unhappily, the paper does not make a clear partition of the operations into the identi�edcategories. It is not clear, for instance, which query facilities are provided by the dbms andby the interface, since query operations appear as both Map manipulation and Databaseinteraction functions.The main contribution of [Voi94] is a detailed analysis of the integration problem. Aftera rich discussion of this subject, the paper concludes that the requirements of gis interfaceand the drawbacks of the weak and strong approaches demand an alternative solution: too�er tools for developing customizable interfaces within a general database environment.This proposal is the basis of the two level architecture presented in �gure 8.The support level contains two orthogonal modules. The graphic tools module is usedmainly for visual representation functions. In [Voi94] it is represented by the X11/Motiflibrary, but this is an implementation decision. The architecture is independent from thegraphic package used in the graphic tools module.The second module of the support level is the dbms. This module provides the generaldatabase environment of the alternative solution for the integration problem. However, itcan be easily seen from �gure 8 that the architecture imposes some restrictions on the dbmsmodel. The dbms must provide the legend dictionary and the geographic model de�ned bythe architecture. The alternative solution proposed may use any dbms which can providethese services. Since the architecture of the interface is not completely independent fromthe architecture of the geographic system, we can consider this alternative solution as avariation with minimum dependence of the strong integration approach.The second level of the architecture is represented by a geographic data user interface(gdui) kernel composed by three main modules. The Mapget module is responsible forthe user dialog and for the presentation of maps in the interface windows. Therefore, it isstrongly connected to the Graphic Tools module of the support level. The second moduleis called Main, and it deals with abstract views of maps, controlling the communicationbetween the Mapget and the Connection modules. The latter is the real \main" module ofthe architecture. It knows how to convert data from database to interface and vice-versa.It is also in charge of handling all exchanges with the dbms. This module is not so complexas in a weak integration, since the dbms is forced to o�er a prede�ned geographic model.13



3.2.6 Oliveira and Medeiros [OM95]The architecture proposed by Oliveira and Medeiros [OM95] is based on the weak integrationapproach. The user interface can be coupled to any gis, and this feature demands a richrepresentation model to map concepts used in di�erent gis. The object-oriented gis modelof [CFS+94] was adopted.This data model supports both the �eld and the object views of the geographical world.It consists of four levels of abstraction: the real world level (the real geographical pheno-mena); the conceptual level (an abstract view of these phenomena, in which operations areindependent from the representation of the data); the representation level (where operationsare specialized to each particular representation of a geographical entity); and the physicallevel (which deals with issues that provide e�cient storage and retrieval of data, such asspatial indexes and access methods).Georeferenced entities are conceptually classi�ed into geo-objects (object view) and geo-�elds (�eld view). Each such class has its own high-level operations and particular represen-tations. The interface representation model supports the multiple representation paradigm,in which a given georeferenced phenomenon may be perceived di�erently according to appli-cation needs. By supporting this model, the interface architecture establishes a frameworkfor two important end-users requirements: users can manipulate multiple representationsat the interface level; and users can de�ne distinct presentations (display characteristics)for each representation.The proposed architecture, shown in �gure 9, has three main components:� The user dialog module manages the user interaction with the interface system. It isresponsible for two main tasks: the creation and management of presentations, andthe translation of user's requests into operations of the underlying geographic databasemodel (and vice-versa). These tasks are performed, respectively, by the presentationmanager and by the interaction manager. The binding with the graphic toolkit isanother important task within the user dialog module.The de�nition and management of presentations are handled, in the screen, throughtwo areas: a control area for query de�nition and a display area for result visuali-zation. This task involves graphical display operations (display area) and dynamicconstruction of widgets (control area). Each representation of the data can be visua-lized through di�erent presentations (e.g., graphical, diagrams or tabular).The second main task is the translation of direct manipulation actions of the user intohigh-level conceptual operations on georeferenced data, managed by the data modelmodule.� The data model module is responsible for providing to the user a view of the underlyingdatabase which is compatible with the adopted representation model. The conceptualmanager is responsible for the object-oriented schema that describes geographicalentities. The representation manager records the di�erent representations associatedwith each conceptual entity. 14
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Figure 9: Architecture adapted from [OM95]The main task of the data model module is to support a high level conceptual viewof data. It therefore supports browsing on concepts rather than on representations,allowing the user to see multiple representations of the same data. Another importanttask of this module is to convert conceptual operations into representation dependentoperations, which are sent to the external driver.� The external driver converts data from the format used in the gis to the internal datamodel of the interface and vice-versa. This is achieved by means of a communicationprotocol that is based on primitive operations that allow retrieving from the gisdatabase schemas, class descriptions and data values.The approach used in the de�nition of this module was already used to integrate auser interface to di�erent object-oriented database systems [OA93b]. The interfacesends queries to the gis using the primitive operations (Get-Schema, Get-Class, andGet-Value), and the external driver implements these operations according to thesyntax of the underlying geographic dbms.Although �gure 9 shows only one external driver and one gis, the architecture is perfectly15



able to deal with many di�erent gis, depending on adding new external driver modules.The architecture of the interface system supports distinct conceptual views of the geo-graphical space. Each conceptual view corresponds to an object-oriented database schemabuilt from the underlying gis schemas according to the de�nition of the conceptual level ofthe representation model.3.2.7 Rigaux [Rig95]
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Figure 10: Architecture adapted from [Rig95]The user interface architecture proposed by Rigaux has three levels of representation inorder to provide independence between database and interface [Rig95]. The lower level isthe conceptual model of the dbms, followed by an abstract representation model and �nallya user representation model.Rigaux claims that there are essentially two kinds of operations in the interface: databaseoperations (e.g., query, browse) and graphic operations (e.g., graphic overlay, representationcontrol). The abstract model supports the graphic operations, while the conceptual modeldeals with database operations. The user model contains objects that are directly perceivedby the user (e.g., maps, representation styles, legends).The levels of the architecture provide a certain degree of independence between userinterface and dbms, but it introduces the necessity of translation between the models. In[Rig95] the translation mechanism is formally de�ned.Figure 10 presents the architecture as a composite object, using the pac interface model.This model is based on the classic decomposition of interactive objects in three components:presentation, abstraction, and control, but permitting recursive decomposition of each ob-ject. 16



The main module of the architecture has an abstraction component formed by thetwo lower levels (dbms and abstract models). The user model de�nes maps, which arecomplex objects composed by graphic styles and lists of thematic layers. All maps aremanaged by the higher level control component, which guarantees the coherence of thegraphic representations.The user interacts with the presentation component of the pac objects. The mainpresentation objects are the maps. Secondary objects (lists, styles) control the parametersof the presentation. The env object represents the environment, that is, all static objectsin the interface (windows, buttons, etc).3.3 Remarks on GIS User Interface ArchitecturesFrom the discussion presented above, we can distinguish two kinds of gis architecture pro-posals. In one side are those architectures that, once implemented, give the user a directaccess tool to the gis[Env92, PMP93, OM95, Rig95]. On the other side are those architec-tures that o�er a common substract to develop gis user interfaces for speci�c applications[Voi91, AYA+92, Voi94].We could also identify four key aspects of gis user interface architecture, namely: inte-gration of the interface to the gis; functionality and interoperability of the main modules;intermediate representation model and mapping to gis models; and division of tasks bet-ween user interface and gis.All research dealing with architectures for gis user interfaces consider one or more ofthese aspects. However, none of the analyzed papers has proposed concrete solutions forthe complete set of fundamental aspects.4 Languages for Interaction with GISCurrent user interface systems are based on two main paradigms of interaction: textual andvisual. Textual interfaces are the oldest and most di�used media for interaction with com-puters. Operating systems command languages and traditional database query languagesare examples of pure textual interfaces.Visual interfaces are a recent trend and are receiving much attention given their incre-asing acceptance in the users community. Visual interfaces use graphic objects, colors andsymbols, rather than texts as the basis for the user interaction. Direct manipulation inter-faces are the most popular visual interfaces; for instance, virtually all window managers arebased on this paradigm of interaction.Since gis deal with spatially referenced data, it is not di�cult to realize that graphicalrepresentations are more suitable in most cases for human cognition than texts. Consider,for example, the presentation of regions of interest within a given area. Textual interfa-ces would represent such data as lists of coordinates while visual interfaces would presentpolygons within an area. The second option is surely better understood by users. On theother hand, some features are better described by text (such as content of an area, or non-spatial values). Therefore, gis user interfaces have to use, inexorably, visual and textual17



paradigms for presentation of query results. The problem that remains open is: how toformulate queries concerning spatial data and how to answer them in a meaningful way.In the remainder of this section we review several gis query languages presented inthe literature. This will show that, in practice, gis user interfaces use an hybrid solution,combining textual and visual interaction. We �nish this section with an analysis of thissupremacy of the hybrid solution over the pure visual solution.4.1 Review of Proposed Query LanguagesOne important requirement of gis query languages is that it has to be possible to manipulatethe results of a query to directly compose further queries. This distinctive feature and thede�nition of spatial operators are the main aspects that should be considered in the designof a query language for gis.There are two basic approaches to this design problem. First, it is possible to extend astandard database (textual) query language to allow the speci�cation of spatial predicates.Second, it is possible to develop graphical tools to formulate queries by direct manipulationof interface objects. A visual query language is one which express the semantics of thequery by a drawing (and not just by a click-in-a-box metaphor to build an alphanumericalquery).Theoretically, the �rst approach would generate hybrid interfaces combining textual andvisual interaction, while the second approach would give origin to pure visual interfaces.Although pure visual interfaces sound interesting, we show in this section that the greatmajority of existing gis user interfaces uses the hybrid solution.4.1.1 Egenhofer and Frank [EF88b, EF88a]Egenhofer and Frank point out two major de�ciencies of the traditional (relational) querylanguages. First they were designed for the relational data model and can not be easilyaccommodated to other models; furthermore, tables are far from the spatial mental modelof gis user. Second, they are designed to serve both as interactive and embedded querylanguage, and these contradicting demands are an impediment for designing user-friendlylanguages.To solve these problems, the authors propose an object-oriented interactive query lan-guage for gis. The object-oriented model gives the user a suitable vision of the real world, inopposition to relational tables. The model is also semantically rich and can be easily map-ped to di�erent models. Since the language is exclusively interactive, it can be optimizedfor user dialog issues.The de�nition of the language is based on three aspects of gis interaction: interfacelayout, dialogue and representation. To support the user's analysis, the interface layout mustprovide visualization of both query formulation and results. Since qualitative analysis isoften based on visual comparison, the interface should permit several views of the workspace.The proposed layout has six areas: 1) lexical output; 2) graphical output; 3) lexical input;4) operations control panel; 5) map features menu; and 6) graphical representation menu.Figure 11 shows these areas. 18
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Figure 11: Interface layout adapted from [EF88b, EF88a]Query formulation is based on either the user's knowledge or on information providedby the system. Therefore, dialogue with gis must incorporate means to reference objects orregions on maps. The dialogue is performed in the following way: the user inputs keywordsfor selection and is prompted to select objects; the selection is veri�ed, but the user can alterhis choice; �nally the user con�rms the selection. The interface should provide feedback onobject selection, informing the user which class of object is expected. Immediate veri�cationof selected objects is also important to guarantee user's control over system actions.The knowledge represented in gis can be represented both lexically and graphically. Thelexical representation can be partially covered by a traditional language style: users typequeries from a keyboard and the result is presented textually. Graphical representation addsconstraints to the interface that are not considered in textual techniques. The limitation ofthe screen size originates cartographic generalization problems. The authors suggest thatuseful screen drawings should contain about 2000 to 5000 objects. Since the interface layouthas separate areas for lexical and graphical output, queries involving both types of resultsare allowed.The proposed query language is based on the addition of four operations to an extendedspatial sql. The new operation refreshes the display before performing the next operation;the overlay operation adds the result of the current query to previously displayed objects;the remove operation erases (only) the contents of the current query from the existingpicture; and the highlight operation distinguishes the results of the current query from theprevious ones. These operations are in the control panel area of �gure 11.With this language, it is possible to combine several query results into a single rendering.This composition of queries, however, makes it di�cult to keep track of what is actuallypresented. An essential feature in such a query environment is a control mechanism allowingthe user to check, after a sequence of queries, what a single query for the current drawingwould have been. The authors claim that in their interface the content button provides a19



simpler functionality, showing the predicates applied to each class of objects in the currentmap.The presentation must be controllable from the interface, allowing users to adopt themost appropriate presentation for their applications. The proposed language allows usersto choose colors, patterns, intensities and symbols from pull-down menus (�gure 11). Thischoice composes a map legend that can be visualized through the legend button.Unlike lexical presentation in traditional dbms, in gis it is often not su�cient to drawonly those objects that were explicitly asked for. It is necessary to consider the selectionof appropriate context which depends on the purpose of the drawing, the scale, and thedata density. The proposed interface provides a context button to specify a context for adrawing.4.1.2 G�uting [Gut88]Class Operator Operands Result SyntaxRelational +, �, �, = NUM x NUM NUM ( # )Operators and, or BOOL x BOOL BOOL ( # )not BOOL BOOL #( )[, \, �, �, 1 REL x REL REL #�, �, � REL REL #=, 6=, <, �, �, > NUM x NUM BOOL ( # )STR x STR BOOLBOOL x BOOL BOOLcount REL NUM ( #)sum, avg, min, max NUM* NUM ( #)extract REL ATOM ( #)Geometric =, 6= POINT x POINT BOOL ( # )Predicates LINE x LINE BOOLREG x REG BOOLinside, outside GEO x REG BOOL ( # )intersects EXT x EXT BOOL ( # )is neighbor of AREA x AREA BOOL ( # )Geometric intersection LINE* x LINE* POINT* #Relation LINE* x REG* LINE*Transformers PGON* x REG* PGON*overlay AREA* x AREA* AREA* #vertices EXT* POINT* #voronoi POINT* x REG AREA* #closet POINT x POINT REL #Returning convex hull POINT* PGON ( #)Atomic center POINT* POINT ( #)Objects EXT POINT # ( )Geometric dist POINT x POINT NUM # ( , )Operators mindist, maxdist GEO x GEO NUM # ( , )Returning diameter POINT* NUM ( #)Scalars length LINE NUM # ( )perimeter, area REG NUM # ( )Figure 12: Geo-Relational algebra adapted from [Gut88]20



Two main problems in the development of geometric database systems are the design of auser model of data and the speci�cation of e�cient strategies for implementation of thismodel. G�uting proposes an extension of the relational algebra, including geometric datatypes and operators, as a solution for these problems. The author presents an extension ofthe relational algebra, and shows how it can be implemented by integrating geometric algo-rithms and data structures. The basic motivation is that standard relational representationsand �le structures are not e�cient representations for geometric objects.Objects of the proposed Geo-Relational algebra can be atomic values such as strings,numbers or boolean, as well as relations. The operators of the algebra include arithme-tic operators on numbers, such as addition, and relational operators, such as selection.The basic idea of the framework is the introduction of new data types, and correspondingoperators, for geometric objects.The representation of geometric objects is hidden from users (they are only accessibleby the introduced geometric operators). A tuple of a relation describes an object throughgeometric and non-geometric attributes. A relation describes a homogeneous collection ofgeometric objects. The data types de�ned in the algebra are: numbers, strings, booleans,relations, and geometric types (e.g., points, lines, regions, areas, polygons). The distinctionamong geometric types is usually semantic. For example, pgon and area are polygonsoccurring as an attribute of a relation, but pgon polygons may intersect each other whilethis is not possible with area polygons. Following the same principle, a REG is any typeof region (pgon, area); an ext is any extended object (line, reg, but not a point); anda geo is any geometric object.The operators of Geo-Relational algebra are grouped in �ve classes:1. Standard relational operators: allow the usual retrieval and data manipulation tasksof relational databases, besides some extensions. For instance, selection and join ope-rators can take an arbitrary algebra expression of result type BOOL as a parameter.The � operator allows to dynamically extend an existing relation by a new attribute.For each tuple, a value for the new attribute is computed as the result of an expressiongiven as a parameter of the operator. Finally, the extract operator allows to extractan atomic value from a relation based on two parameters: a selection condition whichidenti�es a single tuple of the relation and an attribute name for the extracted value.2. Geometric predicates: compare two geometric objects in di�erent manners. The com-parison can be part of the parameter expression of a selection or join operation. Theseoperators can be associated to formal functions. For example:(x inside y) := points(x) � points(y)3. Geometric relation transformers: take one or more geometric relations as operands andproduce a result relation, embedding new geometric objects. The intersection operatorcan be applied to two sets of lines and it constructs all intersection points betweenlines of the two sets. The overlay operator combines two partitions of the plane intodisjoint regions which are the intersection of a region of the �rst with a region of thesecond operand. The vertices operator returns the vertex points of extended objectsand the voronoi operator constructs the Voronoi diagram for the given points inside21



the given region. Finally the closest operator takes a set of points and returns thepoint in this set that is closest to the point given in the second operand.4. Operators returning atomic geometric objects: the �rst operator of this class cons-tructs the convex hull of a set of points, de�ned as the smallest convex polygonenclosing all points. The second operator determines the center of either a set ofpoints or an extended atomic geometric object.5. Geometric operators returning scalars: these operators perform the metric operationssuggested by their names. The diameter operator is the only requiring further expla-nation: the diameter of a set of points is the largest distance between any two pointsin the set.Figure 12 presents the operators in each class. The notation attr* used on the lefthand side of an arrow means a column of a relation of type attr; on the right hand sidethe meaning is that the result relation will have a new attribute of type attr. The syntaxis de�ned by two basic rules: 1) use standard (in�x or pre�x) notation, except on operatorstaking a relation as an operand, which demands post�x notation; 2) parentheses have to beput as indicated, and also in results originating atomic objects. The symbols \#" and \ "represent the operator and the operand, respectively.Some operators take parameters besides operands. The distinction between operandsand parameters is that operands are objects of the algebra, while parameters are additionalinformation for the operator. For instance, the projection operator (�) takes a relationas an operand and the projection attributes as parameters. Parameters appear in squarebrackets after the operator symbol.It is possible to establish a direct correspondence between operators of the algebra andwell-know geometric algorithms, allowing an e�cient implementation. Nevertheless, theproposed language is not appropriate for end-users. Moreover, the lack of regions withholes is a major limitation for the general application of the algebra in gis.4.1.3 Goh [Goh89]In [Goh89], Goh investigates the use of standards for a generic interface for access to landdata banks. The proposed interface is based on sql for database query and gks for graphicalfunctions. The objective of the interface is to provide retrieval access to land informationin a heterogeneous computing environment.Four factors in
uenced the development of the interface:1. Selective ad hoc information retrieval of both textual and graphical data is essential;2. The interface must be supported by accredited international standards so as to pre-serve its generic nature and ensure portability;3. Only relevant graphical data should be retrieved and displayed. Functionality is amajor concern, rather than generation of sophisticated output of high quality carto-graphic standards; 22



4. Queries are expected to be performed from remote terminals. Thus, minimization ofthe volume of data in the course of communication is mandatory.The proposed interface was called gql. It invokes sql function calls through applicationprograms. The implementation of gql requires, therefore, the facility for embedding sqlfunction calls in a host programming language such as Fortran or C.The input and output functional capabilities of gks are organized into nine levels, andgql can work at the lowest functional level. The basic output primitives (e.g., polyline,�ll area, cell array) can have its appearance (color, linetype, �ll pattern) controlled by gksprimitive attributes, which can be set by users during an interactive gql session. The pri-mitive output text is an exception. Di�erent systems view text from di�erent perspectives.For example, cad/cam systems regard texts as an integral part of the graphical data struc-ture while arc/info can store them either as a graphic element or as part of the textualdatabase.gql allows the expansion of a query result to include a graphical component, providedthat the particular item has an equivalent graphical de�nition in the database. The amper-sand (&) pre�x is the graphic modi�er for the desired item, and it is the only addition tothe iso sql select command syntax.The graphical environment must be set before gql is invoked for graphical queries.A de�ne command is introduced to control this environment. Besides the control of theprimitive graphical attributes and the limits of the display (the window), no elaborateinteractive graphical editing and manipulation functions, such as scaling and movement ofgraphical primitives, are permitted. A graphic data dictionary maintains a listing of theentities which have associated graphic components. This allow the user to know which arethe entities that could be displayed graphically.Ideally, a generic query language should support both vector- and raster-based databaseswith identical query syntax. The query language described in [Goh89] supports only vector-based databases, although the author claims that the extension to support raster data isnot complex. Another drawback of gql is that it restricts the data modeling: it demandsthat the linkage between the graphic and textual databases be performed through a uniqueidenti�er that associates a graphic primitive with a key in a relational table.4.1.4 Ooi [Ooi90][Ooi90] presents geoql, an extension of sql which provides spatial operators to expressspatial and aspatial predicates in queries. The following operators are de�ned: intersects,adjacent, joins, ends at, contains, situated at, within, closest , and furthest .Since the de�nition of a closed set of spatial operators is an open research subject, theproposed set limits the expressive power of the language. There are many other types ofoperators that are not allowed in geoql. For instance, topological operators like \east of",metrical operators like \distance", and linguistics or fuzzy operators like \close" and \far".The proposed language relies on the relational model of the database to guarantee thatall aspatial information about entities of a given class will be stored in a relation, and thata given relation holds information about entities of only one class. Therefore, a table namecan be used to identify the type of an operand, i.e. a geographic entity class, in a spatial23



expression. This is important since some operators are not commutative (e.g., ends at andcontains).geoql provides a windowing facility allowing a query region to be speci�ed by itstwo corner coordinates pointed in the screen. If there is no predicate involving a windowde�nition, the query predicates are conjuncted with the predicate window contains geo obj ,for each geographic entity referenced in the query. The zoom operation is implemented bythis mechanism: only the window delimited area is drawn on the output map. Figure 13shows an example of query in geoql.\Find all cities with a population over 5000 within a radius of 200 km ofMt. Bu�alo in the current window drawn in the screen."SELECT CITY.NameFROM CITY, MOUNTAINWHERE MOUNTAIN.Name = ``Buffalo'' andCITY.Population � 5000 andCITY within 200 km of MOUNTAIN andwindow contains CITY andwindow contains MOUNTAIN.Figure 13: Example Query in geoql adapted from [Ooi90]Three types of spatial data are supported: points, lines and regions. No spatial divisionis imposed on data, that is, queries may range over all the stored information. Aspatialdata are stored as relations and spatial data are kept in an external �le. An attribute ofgeographic relations identi�es each individual geographic object and is used to retrieve theassociated spatial data.4.1.5 Calcinelli and Mainguenaud [CM91]The authors note that geographic applications distinguish between network-oriented andthematic-oriented queries due to the lack of common data structures and an uni�ed datamanipulation language (dml). They present the uni�cation of two previous graphical dmlto avoid this dichotomy of the spatial query languages. Furthermore, they observe thatambiguities may arise from this uni�cation, and propose solutions for three classes of am-biguities: visual semantics, level of abstraction and query labels.The network-oriented dml Crog models spatial data by directed graphs and supportsfour classes of queries: path evaluation (going from one place to another under constraints);intersection of paths (common sub-paths); inclusion of paths (path evaluation with speci�csub-paths); and node manipulations (common places between two paths). Manipulationsare based on evaluation of paths, including operations on edges (direct link, transitive link,intersection of links, inclusion of edges), on nodes (intersection of nodes, inclusion of nodes),and on edges and nodes (inclusion of nodes in a path).24



A graphical query is a set of labeled and oriented graph-like structures. The labels canbe variables or constants, and three types of edges are available to model link, inclusionand intersection. Edges are oriented binary operators which may represent the results of asub-query (a set of paths).The thematic-oriented dml Cigales de�nes two basic objects: line and area. Each objectis characterized by a set of attributes and object are organized in a simple inheritancehierarchy. The geometrical operators available include: adjacency, inclusion, intersection,path and euclidian distance. To build a query, the user selects basic objects, associatessemantics to these objects trough identity labels, and assembles objects by applying spatialoperators. Two spaces are de�ned: the working space, used to build a part of the query,and the query space, which contains user validated query formulations.Merging Crog and Cigales is a good idea, since the �rst lacks \area" operations and theformer does not manage \path" manipulations. Cigales is the base for the new improvedlanguage. Unfortunately, ambiguities appeared in the merging process. A graphical queryis said to be ambiguous whenever several interpretations could be performed for the sameexpression. Three types of ambiguities were identi�ed by the authors:� visual semantics: the semantics of each operator is clearly de�ned, but the compositionof operators may lead to misunderstanding.� level of abstraction: Crog is oriented toward a logical representation (e.g., an edge doesnot refer to any physical representation) while Cigales is oriented toward a symbolicgraphical representation (i.e., all operators refer to graphical manipulations).� query labels: there is not an unique way to express the notion of order on a set ofobjects. Object identity speci�cation is also problematic when composite predicatesare expressed.Two principles can be adopted to resolve these ambiguities. First, a user solution canbe asked. This solution increases the needs of communication with the user, and tend to beboring. Second, default semantics can be de�ned for each case of ambiguity. This increasesthe complexity of the resolution model, but simpli�es user's actions. The second principlewas adopted in [CM91].The independence between operators is de�ned to solve visual semantics ambiguities.There is no link between operators, unless this link has been explicitly speci�ed. The secondtype of ambiguities (level of abstraction ambiguities) are derived from the common basicoperations between the two languages: intersection and inclusion. For each application ofthese operations the system assumes a default semantics following the types of the involvedobjects. For instance: an intersection between two lines is a network oriented query . Querylabel ambiguities were resolved by the introduction of a selective union mode, allowing thedecomposition of an object into several atomic parts. The selective union operator, however,is not yet implemented.The graphical user interface for the uni�ed language has four zones: in the middle zoneare the working space and the query space; the upper zone provides buttons for save, helpand end functions, in the right side; in the left side there is a selection button for selection of25



objects on the query space, and two menus: working and request. The �rst o�ers validation,undo, and clear functions in the working space while the latter provides the same functionsapplyed in the query space. The right zone contains two menus and two icons. The iconsrepresent the basic objects: line and area. The utilitarians menu has options such as zoom,speci�c display, and operator semantic modi�cation, while the aggregate menu containsfunctions such as min and max. The left zone supplies the graphical operators (inclusion,intersection, adjacency, path and euclidian distance).The authors recognize that the management of complex queries is a major drawbackof the proposed visual language. Complex queries with numerous basic objects are notexpressible, and the extension necessary to accommodate such queries involves cartographicgeneralization problems.4.1.6 Svensson and Huang [PZ91]The spatial query language presented in [PZ91] is one of the few existing propositionsof extension of a database language di�erent from sql. The sal language was designedto support analysis of data stored in a statistical database system called Cantor. Themotivation for using a sal extension as a spatial query language is that previous languageshave concentrated on representation, manipulation and management of spatial data, buttheir analytical capability has been limited.The authors reclassify commonly used spatial operations according to the proceduresfollowed in a stepwise analysis:Selection and transformation : retrieve data from the database and transform theminto an appropriate form (for example, scale and orientation).Reclassi�cation : assign new property values to spatial objects based on their initialproperty values (geometry or location, for instance).Measurement : compute metric properties, ranging from simple (e.g., arc and line lengths,point-to-point distances) to complex operations (such as travel time, optimal path,and accumulated cost).Neighborhood : extract spatial characteristics of object locations (such as slope andaspect) and interpolate information that is missing between objects.Overlay : �nd spatial relationships of objects and create new classes of objects based oncombination of their non-spatial properties and spatial relationships.Statistics : compute statistical features of di�erent classes of spatial objects over a speci-�ed area (e.g., percentage, distribution, and frequency).Most of these operations can be performed by existing gis, though the complexityof the process is usually very high. The query language approach is expected to reduceconsiderably the number of concepts needed in future spatial analysis systems, simplifyingthe user's tasks. 26



Extensions are needed in the following aspects of the sal language to support spatialanalysis: type structure; formal argument types; de�nition of explicit ordering in sets;de�nition of initial values and type conversion for set-valued objects; modules, encapsulationand persistence; recursive view de�nition; and language extensibility. [PZ91] presents suchextensions.The extended language, named Geo-sal, allows spatial data types to be used in columnsof relations in the same way as ordinary data types. The internal representation of spatialobjects will be accessible to the user, although it will in general not be necessary to knowit in order to formulate queries.Besides point, line and polygons, the language supports partitions of polygonals calledtesselations. The elements of a tesselation can be regular or irregular polygons. The rastertype is a regular tesselation of a rectangular area, and it is used to represent spatial data inwhich the geometry of spatial objects has not been established, such as unclassi�ed remotesensing images. The inheritance hierarchy of Geo-sal includes the following classes: point,vector, line, polygon, square, pointset, lineset, polygonset, tesselation, regulartesselation,and raster.Five classes of spatial operators are de�ned over these spatial data types:1. Unary operators extracting geometrical data: coordinates of a point; start/end pointof a line; nodal points of a line; n-esim node of a line; segments of a line; n-esim segmentof a line; length of a line; closed line which is the outer boundary of a polygon; totalarea of a polygon; polygon that connects the ending points of a line; and direction ofa vector.2. Object transformation operators: rotate a line or polygon; create a polygonal regionextended from a source spatial object; translate a source object by adding a vectorV to its points; transform two rasters representing a source distribution and a scalarvelocity into a raster consisting of travel times; and transform a digital elevation rasterinto a raster of logical values indicating visibility of the corresponding position froma horizontal position P and elevation H.3. Binary operators computing geometrical relationships: minimum euclidian distance;arc distance along a line; and distance between two object in a given direction.4. Binary operators testing topological relationships: disjoint; meets; equals; contains;covers; overlaps; and intersects.5. Object operators building new objects from existing ones: set operators (union, dif-ference and intersection) which compute new spatial objects for homogeneous argu-ments; and the cut operator, which operates with heterogeneous arguments producingnew spatial objects if speci�c topological relationships hold between the objects (e.g.,if the covers relationship holds between a line and a point, cut produces a set of twolines consisting of the two parts of the input line on each side of the point).Composition of operators compute further geometric data. For instance, applying thelength operator on the result of the operation boundary(P) computes the perimeter of27



polygon P. Three complete examples of analytic queries using these operators are presentedin [PZ91]. One can note from these examples that the syntax for expressing complex queriesis really declarative and concise. Unfortunately, it is also very complex and distant fromthe conventional user mental model. End-users of gis are not expected to understand theproposed syntax.4.1.7 Egenhofer [Ege92]In [Ege92], Egenhofer provides several arguments showing the inappropriateness of sql asa framework for high level gis query languages. It is an interesting point of view, if we takein account that the author proposed di�erent sql extensions as a solution for this problem(see sections 4.1.1 and 4.1.10). Egenhofer notes that almost every spatial extension of sqlextends the domains of the relational calculus with spatial data types. However, this is use-less unless the pertinent operations and relationships are also de�ned. The problem is thatthere is no comprehensive set of formal de�nitions for spatial relationships; therefore, thesemantics of the relationships di�er considerably among the various spatial query languages.Another problem with sql extensions is how to de�ne the graphical display. It is neces-sary to specify which parts of the results of a query are going to be displayed graphically,and for these parts, one needs to describe how to display the data (i.e. which colors, pat-terns, symbols, etc). The syntax modi�cations for including such de�nitions would have asubstantial impact on the normalization of the language.The graphical display also originates problems for selection by pointing and for reusingresults. The result of each sql query is a stand-alone instruction without any reference tothe previously asked queries or their results. In gis, queries frequently refer to previousresults, that is, queries are incremental. Moreover, sql has no provision for input other thantyped characters, while the input via mouse, referencing displayed objects, is a fundamentalfeature of gis user interfaces.The expressive power of sql imposes more di�culties to its adaptation to gis. Thoughsql is relationally complete, it does not support:� metadata queries: e.g., to show the structure of the data that is currently displayed;� object identity: sql is inherently value based, but a gis object needs value indepen-dent identi�cation because it may change its characteristics over the time, remaining,nevertheless, the same object;� knowledge queries: involving, for instance, constraints about a given geographic entity;� qualitative answers: sql provides quantitative results about the values of tuples, butnot results based on analysis of relationships;� integrated retrieval and display: this refers to the graphical display problems discussedabove: reuse of queries and de�nition of graphical presentations.The author concludes that before syntax extensions are proposed, the semantics of theoperations on the spatial data types must be de�ned formally. He also notes that object-oriented sqlmay contribute with solutions for some of the presented problems, but de�nitive28



solutions demand the conception of new high level gis user interfaces. These new interfacesare necessarily based on cognitive mental models applied to spatial data. In section 5 wediscuss such models.4.1.8 Boursier and Mainguenaud [BM92]Boursier and Mainguenaud discuss, in [BM92], three di�erent approaches for spatial querylanguages: extended sql, visual languages and \hypermaps". The discussion is based onseven classes of queries that a true gis should be able to process: non-spatial, topologi-cal, based on spatial relationships, negation, disjunction, aggregation and deduction. Theproposed typology for queries is muddled, since topological and spatial relationships arenot disjoint; nevertheless, the paper presents some important comments on spatial querylanguages.First, it is noted that predicates have a weak expressive power if compared to operators.The more complete extensions of sql provide spatial operators in the select clause, andnot only predicates in the where clause. In such languages, a query is de�ned either by acombination of sql statements (\separate approach") or by allowing an sql statement oran operator to be an operand of an operator (\global approach").The main advantages of sql extensions are: sql is the de facto standard databasequery language; it can handle alphanumerical queries in an optimized way; its couplingwith classical programming languages has been studied. The major drawbacks includethe weak expressive power of the relational model, the optimization of queries involvingalphanumerical and geometric data, and the di�culty of expressing network-oriented queries(e.g., those involving constraints on nodes and edges of a graph).A visual query can be de�ned either specifying elementary operations step by step (\im-perative approach") or stating the properties to be veri�ed by the �nal result (\declarativeapproach"). According to [BM92], in both manners the evaluation of a query is a two stageprocess: �rst convert the drawing into a formal expression and second convert this expres-sion into dbms understandable orders. We could envisage, however, a direct conversion ofthe visual query to the formal language of the dbms as a one stage process.Two main advantages are seen in visual languages. First, they are more natural for theend-user (i.e., they are closer to the user mental model). As we already mentioned, spatialconcepts are better understood through graphical representations. The second advantageis that visual languages allow easy combination of operations and reuse of results for for-mulation of further queries. There are, however, major drawbacks. [BM92] cite the lack ofnormalization and the complexity for formulation of non-trivial queries (specially involvingnegation). The authors also analyze the use of hypermedia as a gis query language. Wewill omit this discussion because hypermedia can not be considered a query language, sinceall possible queries must be de�ned a priori . Hypermedia systems are more suitable for thedevelopment of browsing tools. 29



4.1.9 Arikawa, Kawakita and Kambayashi [AKK94][AKK94] introduces dynamic maps , a new style of maps composed by queries and visua-lization methods. The dynamic feature of these maps is obtained through: (a) immediatere
ection of database updates, (b) free selection of desired data by generic queries and(c) adaptation of the appearance of the map to changes on user's purposes, to results ofoperations, and to the limitation of display devices.The �rst two points are already satis�ed by conventional database interfaces. Thedi�culty of selecting a proper visualization method motivates dynamic maps to o�er to theuser various visual interfaces.The principles of dynamic maps, although not yet formalized, consider views on data-bases and on interactive graphics as key aspects to provide the three characteristics citedabove. Database views are virtual databases de�ned by queries to real databases whilecomputer graphics views are de�ned by visualization procedures to create visual objectson display screens. Query languages are well-known tools for selection information fromdatabases, providing the framework for database views. However, query languages are notappropriate for controlling the presentation of data on displays. The paper proposes amethod for this task.To create a map of their interests, the users have (1) to assign importance levels toclasses of data selected by their queries, and (2) to select visualization methods for theselected data according to the importance levels and to the limitation of displays. Theproposed method establishes a tradeo� point between the user's requirement of data andthe limitation of the display, based on constraint solvers and relaxation procedures.One important problem involved is to decide the limitation of a collection of displayobjects in a window. The idea is to o�er the user graphical user interfaces for observing theresults of visualizing objects and for adjusting their importance levels. This process is alsoin
uenced by cartographic restrictions, such as text labels must not overlap. The author'spropose a display complexity function to help the selection of visualization methods. Thebasic idea is not that users de�ne their visualization methods; rather, they should be ableto choose freely their intended visualization method from some algorithms prepared in thesystems.There are two distinct types of objects involved on dynamic maps: conceptual objectsand display objects. The former are database entities retrieved by a query (or view). Thelatter are visualizations of the formers. Multiple display objects can refer to the sameconceptual object, in di�erent visualization methods. Changes on conceptual objects arepropagated to the corresponding display objects.A visual layer is de�ned by a pair: database view and visualization method. Thelatter speci�es properties of display objects (pattern, color, behavior). A dynamic mapis composed of multiple visual layers. Since the database view component of each visuallayer is a collection of conceptual objects, the dynamic map is automatically updated whenthe database changes. The method for constructing dynamic maps also de�nes commonconditions that are applied to all database views. For instance, the time and area can bede�ned by the user, and all queries are referred to these common conditions.30



4.1.10 Egenhofer [Ege94]Egenhofer points out some requirements for spatial query languages that are not coveredby conventional systems: a \spatial" abstract data type with corresponding operations andrelationships; graphical display of results; combination of one query result with previousresults; display of contextual (not explicitly requested) information; control mechanismsto check the contents of a drawing; selection by pointing for formulation of new queries;varying graphical presentation of spatial objects; descriptive legend; labeling of objects; andscale changing.In the context of spatial data handling, a query language has to provide solutions notonly to the retrieval of data, but also to the de�nition of its presentation. [Ege94] separatesgis queries in three categories: queries exclusively about spatial properties; queries aboutnonspatial properties; and queries that combine spatial and nonspatial properties. sql is asuitable language for the second category of queries, and the paper suggests an extensionof this language for dealing with the other two categories of queries.The premise of the design of this sql extension was to retain the concepts of the hostlanguage. The following concepts of standard sql were speci�cally regarded: the structureof the select-from-where clause stays untouched; every query result is a relation; predicatesin the where clause are formulated upon attributes. The proposed language does not intendto improve the drawbacks of sql as a spatial language (see section 4.1.7 for a discussion ofthese problems).The primary goal of the interaction with graphical renderings in a gis is to make dynamicchanges rather than to build static products. The integration of a full display descriptioninto the query language would make each user query unnecessarily complex. Three typesof instructions are therefore distinguished: 1) the actual user query, specifying the retrievalof the set of data to be displayed; 2) Additional queries, called display queries, necessaryto separate query results into more detailed sets, each to be displayed in an individualformat; and 3) the actual display description specifying how to render the resulting data.The author proposes the separation of these instructions in two languages: a retrievallanguage and a display language. The user sets the display environment through the latterlanguage and asks queries with the former. Query and display instructions are combinedin a nonprocedural way: users describe the display style and formulate the query, and thesystem �nds the most e�ective way for integrating and executing the queries.The spatial sql proposed provides a higher-level abstraction of spatial data and extendsthe relational domains with zero, one, two and three dimensional spatial objects. Thesedomains are generalized to a dimension-independent domain called spatial . Unary spatialoperations access a spatial property of a tuple, and it can be considered a function upona spatial attribute. Examples of unary operations are: dimension, boundary, interior, andarithmetic operations like length, area, volume, and perimeter. Binary spatial operationscalculate a value among two tuples os spatial relations. Two binary operations are allowed:distance (integer) and direction (angle). Besides, aggregate functions, such as minimumand average, can be formulated upon distances and directions.Binary spatial relationships conform with traditional binary relationships and result in aboolean value. Hence, they can be immediately applied as predicates in the where clause of31



sql. Binary topological relationships are based upon the set intersections of the boundariesand interiors of the two targets. For instance: equal, disjoint, meet, overlap, inside/containsand covers/covered by.Spatial attributes are used equivalently to conventional attributes, either in the selectclause as a projection, or as a predicate in the where clause. The user can de�ne severalgeometries for a single object, for instance, for representation at di�erent scales and levels ofdetail. The pick quali�er allows users to formulate queries with reference to spatial objectsvisible on a screen. It is incorporated into the language as a predicate and can qualify eachspatial attribute in the where| clause. Ambiguities are reduced since the user points to alocation and speci�es in the query which kind of object to select.In the display language, a display environment handles the information about how todisplay query results. During query processing this information is integrated with the userquery so that the query result is rendered according to the display description. Unlessthe user changes the environment through the display language commands, it continues toproduce a map with the same style with each query. The types of graphic speci�cation are:display mode; graphical presentation (hardware dependent colors, patterns and symbols);scale and window (delimiting the area to be displayed); context (portions of spatial relationsto be merged with the queries results); and content (a single query with which the drawingcurrently visible would be produced).In order to combine several query results in a single drawing, the selection of the appro-priate display mode is necessary. The display modes allow: to display alphanumeric datain tabular form; to start a new drawing; to add the result onto an existing drawing; toerase the result from a drawing; to determine the common objects on the display and inthe query result; to emphasize the result in the drawing.4.2 Remarks on GIS Query LanguagesMany features of gis query languages were adapted from picture query languages. [CF81]reviews such languages and introduces an example-based pictorial query language for anintegrated relational system binded to an image analysis system.Cooperative environments for querying geographic databases are a recent developmentin gis query languages. [CHF93] discusses cooperativeness of gis query languages, andsuggests desired features of a gis interface:� facilities for visualization of the geometry of objects;� graphical formulation of queries based on previously displayed results;� combination of previous queries and interpretation of the presented results;� di�erent presentation formats (color, symbology, patterns);� de�nition of visual context for queries;� scale changing facilities. 32



Object-oriented concepts have greatly improved spatial sql extensions. [Lor91], for ins-tance, presents a language that supports complex object data, abstract data types, methods,object identi�ers, and inverse relationships, maintaining, however, the compatibility withthe relational model. The advantages of such textual interfaces include the support to in-put of complex actions, not easily expressed with graphics, and facilities such as commandscripts, command histories and logging. Their major drawback is the semantic distancefrom the user mental model. Textual languages do not allow natural expression of spatialconcepts.The main advantages of visual languages are: they are more natural to the end-user (i.e.,they are closer to the user mental model); and they allow easy combination of operationsand reuse of results for formulation of further queries [CM91]. The drawbacks include thelack of normalization and the complexity for formulation of non-trivial queries, speciallyinvolving negation [BM92].Although visual interfaces are gaining importance, current gis query languages use ahybrid approach of textual formulation and visual presentation of queries results. The ex-pressive power of visual languages must be increased before pure visual gis query languagescan be implemented.5 Spatial Cognition and Human Factors in GISThe design of user interfaces for software systems relies on basic assumptions about theirpotential users. The set of assumptions about the users' behavior and their manner ofthinking is represented through the user mental model (user model , for short). Researchon human factors in gis focuses on constructing a gis user model. Based on this model,it de�nes the interface representation model and the external language which maps usersconcepts into that intermediate model.Problems for the speci�cation of the user model range from the de�nition of basic spatialconcepts, such as \region" [Gut92] or \neighborhood" [Gol92], to the proposal of adequatemetaphors [Kuh91] for representing these concepts.In this text we will remain as close as possible to the computer science view of thequestion. It must be noted, however, that the research in this area is inherently interdisci-plinary, involving several areas such as psychology, computer science and ergonometry. Thereader interested on other views of this area applied to gis will �nd a nice introduction in[MSH93].In the remainder of this section we present some results showing the diversity of sub-jects studied in this research area, ending with a brief comment on the di�culties and theproblems that remain unsolved.5.1 Review of Works on Human Factors in GIS InterfacesAt a �rst glance, the results presented in this section seem to have little in common. Someof them treat directly the subject of user interface design; others give little attention to theuser interface, concentrating on spatial cognition. In spite of these diverging emphases, wesee a fundamental objective in all of them: the understanding of the human perception of33



the space. This is the very �rst step to build a gis user mental model, which, as we alreadymentioned, should guide the design of the user interface for these systems.5.1.1 Kuhn [Kuh91][Kuh91] distinguishes three aspects of a gis user interface: displays, maps and views. Dis-plays are graphical presentations of the geographical space in the screen; maps are staticrepresentations of this space; and views are visual �elds containing human perceptions of agiven situation.A metaphor is a (mathematical) mapping from a source domain to a target domain,structuring the latter. The choice of the metaphor in gis de�nes: what concepts the userhas to deal with; how the work is divided between system and user; and what kind ofcommunication is adopted. The invariant in the mapping represented by a metaphor is thereasoning pattern based on image-schemas (e.g., container, path, link, near-far, part-whole,center-periphery). These image-schemas are appropriate for gis interfaces since they areinherently spatial, and in particular, topological.Kuhn shows that the display are maps metaphor is not e�cient for organizing gisoperations, and proposes the displays are views metaphor. This new metaphor exploresfeatures of human visualization in questions of resolution and scale changing. Cognitivescience has already stated that humans perceive, conceptualize and deal with the world inmultiple levels of detail, and this is the proposed approach for the gis user interface.The current gis metaphor (displays are maps) has some major drawbacks: maps maynot be understood well enough to serve as a source domain; they do not provide directivesfor operations beyond the display one; they tend to hide uncertainty in the data; theyare a two-dimensional representation of a three- or four-dimensional (considering the timedimension) reality.The storage of data in gis is not based on the map metaphor anymore, and Kuhnsuggests that the user interface should follow the same path. It is important to remember,however, that the current metaphor has some strengths: it inherits from cartography theobjective of graphic excellence, with useful conventions and symbolisms. The problem isthat it also inherits the drawbacks, such as handling multiple resolutions through series ofscales and di�culties for controlling cartographic generalization.The \displays are views" metaphor presents solutions for these problems, through ano-logy with the human visualization system, which involves categorization of what is seen andis dependent on the spatial point of view of the observer. The basic image-schema involvedin the view is the \container" schema: the visual �eld is a limited space with an interior andan exterior. An object is either in or out the visual �eld. There is also a center of attentionin the view and a surrounding region (center-periphery image-schema). Finally the visual�eld is structured by an interaction of the part-whole with the near-far schema, that is, weperceive objects as con�gurations of parts, forming wholes, and getting certain parts intoview implies moving nearer or farther. This connection is the essence of scale changes andzooming operations.Kuhn concludes that adopting the displays are views metaphor implies in several chan-ges: the user is involved on a dynamic process of viewing rather than observing static maps;34



the user's point of view has a key role in de�ning display contents; the notion of zoominggoes beyond magni�cation by relating di�erent concepts to di�erent scales. The display aremaps metaphor is adequate for static (paper) map production, while the display are viewsmetaphor allows to relax some map constraints, such as those on minimal dimensions andseparations, which make automatic map generalization a hard problem.5.1.2 Couclelis [Cou92][Cou92] analyses the two main views of the geographical space: object and �eld. Couclelisargues that none of them is the most apropriate, since human cognition use both views atdi�erent scales and for di�erent purposes.The object view is based on points, lines and polygons representing geographic entities ofthe real world. Those geometric objects have the properties of real world objects: they arediscrete and have independent existence; they have (relatively) permanent identities; theyhave attributes and shapes; and they can be manipulated (counted, moved, colored, rotated,for instance). Most points, lines and polygons that exist in the real world originate fromhuman artifacts of two main categories: engineering works and administrative or propertyboundaries.The object view of the geographic space focuses on the spatial (topological, projective,metric) relations that may hold among objects. It misses, however, important humangeography relations that characterize territorial behavior. These relationships lack some ofthe basic properties of objects: they are de�ned by social relations rather than by intrinsicobject properties; their changing is determined by social transformations, not by physicalmovements; they do not partition the space, although they may share it; they are context-and place-speci�c. Thus, the object view forces the geographic world into a uniform moldof geometric objectsThe �eld view takes an opposite approach: it is based on maximal ignorance of the na-ture of things in the real world. Any geographical phenomenom is represented by an arrayof pixels. Grouping of pixels in particular con�gurations, or sharing particular attributes,can be identi�ed with a speci�c \feature" on the Earth's surface. This nature of featuresis in contrast with the strong individuality of objects in the object view. Nevertheless, thegeographical world is understood by means of these two opposite views. Two basic factorsin
uence geographic cognition: scale and purpose (or human intentionality). Each combi-nation of these factors tend to a di�erent (object or �eld) perspective of the geographicalreality.5.1.3 Guttenberg [Gut92]In [Gut92], Guttenberg discusses the division of space (and time) into regions. He startsby recalling a previous de�nition of the term \region": an entity for purposes of though,created be the selection of certain factors that are relevant to an area of interest and bydisregard of all features that are considered irrelevant . According to this de�nitions, regionsare behavioral phenomena rather than natural phenomena.The author suggests that human behavior originates four types of regions:35



1. Referential regions: regionalization takes the form of reference to (description andanalysis of) natural and cultural variations in space. Example: french speak areas.2. Optative regions: originated by social visions or aspirations. Example: perfect politi-cal division of a country.3. Appraisive regions: regionalization that characterizes the quality of life. Example:pollution areas.4. Prescriptive regions: the division of space is intended to take actions in the face ofperceived social and environmental ills. Example: wilderness areas.The conclusion from this typology of regions is that the term may refer to �xed, invariantgeographic entities or to dynamic, movable socio-economic systems. Therefore, regionsare mental constructions which appear and disappear, imitating the adaptive behavior ofhumans. Besides, rather than beeing sterile objects, regions always generate related regions.Ambiguity is inherent to the term: it refers to both an absolute space and to a spatiallyreferenced (social, economical, cultural, geographical) system. This ambiguity must beforeseen in the design of a gis user interface system.5.1.4 Lindholm and Sarjakoski [LS92]Lindholm and Sarjakoski de�ne language as a set of signs (vocabulary) and a set of rules(grammar) governing the use of the signs. In gis, the user interface acts as an intermediarylanguage between the formal, abstract database language and the informal, empiric userlanguage. The vocabulary of database language is the set of stored data items, and thegrammar is the conceptual schema coded as a data dictionary. The user interface must pro-vide an input language to transmit user's commands to the dbms, and an output languagefor presenting the database contents to the user. In [LS92], the authors focus on maps asthe output language. They note, however, that although the most common way to expressgeoreferenced data is through maps, other languages (e.g., multimedia presentations) canbe used.A communication system in gis may be seen as sets of informations coded in somelanguage, and the process of translation between these languages. The input and outputlanguages act as common ground for the user and the dbms, whose message sending andreceiving methods are not otherwise compatible. Figure 14 present this communicationsystem.The study of human perception and action is mostly of concern of ergonomics. Thedesign of query process is related to database theory. The process of mapping informa-tion from the database to the gis output language has traditionally been the subject ofcartography. In cartographic communication, three main sources of error can be detected:incorrect encoding (erroneous use of map symbols); incorrect decoding (the reader does notunderstand the symbology); and language mismatch (the cartographic language is unsui-table for expressing the desired phenomenon). Moreover, cartographic communication isunidirectional. In a gis environment, the user is allowed to change the contents or the looksof the output, and the communication becomes circular (�gure 14).36
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modifying di�erent stereotypes in the hierarchy.Three pragmatic factors should be considered on the de�nition of a gis user mentalmodel: the information the user wants, to restrict the universe of possible states of thereal world; the information the user already has, to deduce the context the user is work in;and the user's ability to infer deeper information from a given piece of surface information.These factors determines which data is presented to the user, and help in the de�nition ofstereotypes.[LS92] concludes that gis metaphors should be associated to user stereotypes, sinceit is di�cult to �nd one metaphor to suit all the di�erent tasks in gis. Each metaphorpresupposes a certain stereotypical user who is familiar with the concepts and operationsof the real world phenomenon from which the metaphor is derived. In an ideal interface,each user would be able to communicate with the system in his \native" language, that is,with the concepts most familiar to him.5.1.5 Gould [Gou93]Gould's approach to gis user interface is based on three main impediments to gis use. First,there is a training problem: today's gis are di�cult to learn. Often the major part of atraining session must be devoted to mastering the command language and the structure ofthe system. Second, there is a task mapping di�culty: current gis are designed aroundsuites of commands comprising classes of similar data manipulations. The user has to maptasks to the commands available. Both novice and expert users have problems with thismapping. The former are not able to deal with large number of commands while the latterare handicapped by expressiveness limitations of today's languages. Finally, there is acustomization impediment: only rudimentary customization is allowed in existing systems.This is a serious problem since most gis users in the near future will be neither experts norprogrammers; besides, the addition of customization increases the training overhead.A solution for these impediments can be reached only if the user interface design iscompleted before writing the gis software. Without this primary focus, developers may beproviding solutions to the wrong problems. A key aspect of the user interface design is userrequirements assessment. The goal is to discover what tasks the gis user performs and howthe interface system can simplify these tasks. To reach this objective the designer musttranscend the software engineering word to deal with cognitive and management sciences.Adopting a user-driven gis design, Gould proposes two approaches to the interfacedesign: the data manipulation view and the abstract world view. They are neither mutuallyexclusive nor su�cient in themselves, but focusing on one over the other may be best forcertain gis applications. The data manipulation view seems best for quantitative datamanagement use of the gis, and this is by far the major gis use type. The abstractworld view is better for in-depth scienti�c analysis. This view may give the scientist theopportunity to consider new solutions for key human and environmental problems whichhave a geographic component.The data manipulation view is based on data manipulation tools, which have beenconsidered the building blocks of gis. The focus here is on the internal mechanics of thesystem to provide results as quickly and as accurately as possible. Data manipulation tools38



should exploit the capability of the current computing system, such as multiple windows(scales and views), graphics (colors, shapes), multitasking, and networking. This viewis widely accepted and promoted by major gis vendors (e.g., arc/info). The toolboxmetaphor involved in this view is useful to users that are also programmers, because theyare already choose and combine commands and functions from standard libraries in orderto perform desired operations.Interfaces based on the data manipulation view should provide only indirect access tointernal data manipulation tools. The problem in this approach is how the user controlsthe operations externally. In general, external tools are used to this purpose. Optimallydesigned interfaces allow the user to overlook these external tools, focusing on the geographicproblem-solving. In other words, users should be able to interact in terms of geographicproblems.Many external tools take advantage of visual and direct manipulation concepts towardsthis objective. Using these concepts reduces learning time and increases the understandingof the system due to the elimination of memorization of commands and their syntax. Gouldnotes that interesting possibilities also remain for linguistic (textual) tools. In this casethere are two main design approaches: top-down, extending formal query languages, andbottom-up departing from concepts of human languages and building spatial subsets ofthese natural languages.The abstract world view of gis user interface is a direct connection of the user to avirtual existence \inside" the computer. This subject has only recently drawn attentionfrom gis researchers, mostly in the area of metaphors. The emphasis here is more in therealm of cognitive modeling than of data modeling. The goal is to match concepts of the userinterface to those which people use naturally. The main di�erence between data modelingand cognitive modeling is that the latter does not pre-de�ne the user's mental model orworld view, but rather attempts to discover and exploit it.An abstract world is best viewed as a \world metaphor", super-ordinate to organizingmetaphors. The desktop metaphor is a well-known example of such an organizing metaphorfor the business world. In analogy to this, it is suggested that an organizing metaphor forgis might be a geographic analyst's workbench, and that the world metaphor may simplybe geography. The advantage of this metaphor is that it provides context, i.e., it constraintsthe possible operations within gis to those within certain scale. The assumption is that theuser needs to focus on manageable chunks of the Earth's surface.The primary aid for designing a user interface based on abstract worlds is metaphor. Thecentral question is the view of the world that is to be o�ered to the gis user. Furthermore,it is necessary to establish the level of abstraction at which the view is represented. Eachabstraction provides a certain \sense of place" within the gis, in relation to the user's realworld. This sense of place is what user views of the spatial database should support. Gouldnotes that some users want and expect a two-dimensional map, but others distinctly maynot. Design the user interface based on the abstract world, rather than on data manipulationtools, provides the opportunity to meet the user's true needs.39



5.1.6 Egenhofer and Herring [EH93][EH93] investigates the relationship between query languages and user interfaces in gis,under the point of view of users' requirements. The idea is to classify query languagesbased on the kind of tasks users perform, in opposition to the traditional taxonomy basedon implementation aspects (e.g., formal and natural languages, menu based, graphical).The basic assumption is that a gis query language is basically a database query language.The authors note that much of the work on spatial query languages has been in
uenced bytrends in the database community. In this context, the problems for interface design stemfrom di�erences between the conceptual models human employ when they think about aparticular task and the data model of a dbms. Query languages are delivered with thesystem, instead of being designed with the user's conceptual model in mind. This problemis not serious in relational systems employed on business, since the table metaphor matchesthe user model of manipulating business data. In gis, however, this model is not e�cient.The design of a language directed to the user conceptual model has to deal with twocon
icting requirements: the language should be su�ciently user-oriented to allow unam-biguous interpretations of data manipulations; on the other hand, it should be su�cientlyconcise and powerful for the user to access and manipulate the data to the full extent thatthe data model will allow. If users are allowed to violate the intended use of the data, theywill often incorporate hidden meanings into the data; if they are restricted to the databasemodel, much of the functionality speci�c to a particular gis application may be lost. Thisproblem is increased if data manipulation includes updates. In [EH93] the discussion isrestricted to retrieval of data.Users specify the information that should be retrieved from the database through que-ries. A query contains clues indicating the particular data of interest. These clues may besome particular values that the objects of interest should have, or some constraints that thedesired object should ful�ll with respect to other objects (e.g., topological relationships).The user interface must isolate the user from the internal working of the database. Thus, ifa query language is to operate at the surface of the application, it must be able to support,to some degree, the meanings imbued to the data by the application. Failure to control thesemantic range of the query language can have severe data quality and integrity impacts.For instance, a road may be sent across a river without a bridge beneath it. To deal withreal world meanings and application semantics, it is necessary for a spatial query languageto support spatial concepts, i.e. users must have access to the ideas they usually use whenthey think about the space. These spatial concepts may range from simple concepts, suchas \close" and \adjacent", to complex application-speci�c concepts, such as networks ascollections of edges connecting pairs of nodes in two-dimensional space.Traditional database query languages have been used for spatial databases. While theseexperiments showed the feasibility of modeling spatial data as relational tables, they alsorevealed the lack of functionality of these languages to treat spatial data at a higher level ofabstraction. Fundamental di�erences exist between management of spatial and conventionaldata. For example, conventional dbms organize information in abstract name spaces andallow users to refer to the data through their values, while spatial dbms organize informa-tion in two-dimensional geometric spaces and allow users to exploit spatial relationships to40



retrieve data of interest. Furthermore, tabular concepts popular in business representationsplay a minor role on spatial databases, where data is speci�cally associated with geometryand map-like presentations. Indeed, the simplest use of spatial data requests informationin a \boundary" area, that is, an \inside boundary" analysis must be done before data canbe retrieved. The use of relative position, such as \adjacent" is also common is gis queries.Since it is di�cult to store all the spatial relationships, the gis query language relies onimplicit data and spatial analysis, which does not occur in conventional database languages.Egenhofer and Herring cite spatial relations and spatial concepts as necessary features forspatial query languages. Spatial relations based on topology, metrics, and order have beenidenti�ed as a crucial spatial criteria in spatial query languages. Some of their semantics,however, are still unclear and lack formal de�nitions. The spatial concepts that underlie thespatial relations may vary depending on the user's task. For instance, \closest" may be basedon euclidian distance or on shortest path. Even for the same application, di�erent usersmay have di�erent concepts. For example, \adjacent parcels" on a cadastral applicationmay have di�erent meanings, depending upon each local law. Within the language, it isalso important that the users can specify what parts of an object to retrieve and how thequery results should be presented. Moreover, the query language should support the mixingof two retrieval modes, based on the values of attributes and on the location of objects.Four types of spatial query language implementations have been proposed: commandlanguages, natural languages, semi-visual languages and direct-manipulation languages.The most common implementation is through command languages in which users expressqueries in terms of instructions that re
ect the set of operations implemented in the gis.Typically this type of language is extensible, providing inclusion of new features, but makingit di�cult to understand how the individual commands relate to each other. sql dialectsare another approach to command languages, but they have been shown to be cumbersometo use and to result in complex query statements.Natural languages reduce the need for user training, but although humans can usuallysolve the inherent ambiguity, it is too di�cult for a system. Semi-visual languages integratean sql-like query language into a graphical environment including windows, icons, mice,pointers, pull-down menus, and data 
ow diagrams of queries. While the environment re-move the need to remember and type commands, it still preserve the command languagestructure so that users must think in terms of constructing sentences. Direct-manipulationlanguages describe spatial constraints graphically. It is a natural way of expressing spa-tial concepts, but it also presents problems. For instance, graphical presentations over-determine spatial constraints; it is impossible to describe only a single spatial constraintin a picture, since it contains information about the objects' relative sizes, their shapes,topological relations, etc. Furthermore, they apply only to very simple spatial queries sinceit is very di�cult to sketch disjunctions and negations.5.1.7 Wood [Woo93]Wood presents particularities of map interaction, in comparison to the general de�nition ofinteraction as a reciprocal action of in
uence comprising both mental processes (thinking)and physical actions (speech, gesture). Furthermore, conventional (or real) paper maps41



have di�erent interactions from gis (virtual) maps. The former are directly viewable andhave a permanent tangible reality; the latter are subdivided into three categories: directlyviewable without permanent tangible reality (e.g., map on screen); not directly viewablewith permanent tangible reality (e.g., map in cd); not directly viewable and no permanenttangible reality (e.g., map in a database).The realms of map interaction are map making and map use. The �rst is a cartographicactivity, and it has been object of intense research for a long time. The paper focus on thesecond interaction, map use, which can be analyzed as a visuo-cognitive dialogue or as aset of scenarios.The visuo-cognitive dialogue analysis considers a user interacting visually and mentally,in silent dialogue, with a single map. The steps of the process are: reading, analysis andinterpretation. This process plays an important part in all map use activities.The scenarios analysis is used in multi-map environments. Examples of scenarios withdi�erent levels of physical interaction during map use are: (a) multiple map use, where themental dialogue may be assisted by physical interactions, such as folding a map sheet; (b)user map-making indirect, where a separate cartographer generates special maps; (c) usermap-making direct, where the user alone generates computer-assisted maps; and (d) useras interactive explorer, where advanced spatial systems provide multi-media tools allowingvirtual time- and space-travel. In reality, combination of these and other scenarios wouldemerge.Wood notes that making and using were largely exclusive activities, but are convergingwith the support of gis. This trend issues two important questions: can new user-makerstake on the responsibility of this cartographic role? Do they have the correct educationand training or must the system embody some cartographic expertise? These questions arediscussed in [Woo93] under three points of view (map-reading process, map-use tasks, ande�ectivity of maps), with emphasis on the map-reading process. Indeed, a taxonomy ofmap-use tasks presents a considerable challenge while e�ectivity of maps is task dependent.Wood proposes measurement and visualization as core categories of map-use tasks. Theformer may be aided by visualization but encompassed external assistance such as measuringscales and calculators. Without such support the tasks would be limited to the perceptual-cognitive procedures: visualization, navigation and interpretation.An e�ective map is one which ful�lls its required task. Conditions for e�ectiveness in-clude map projection, scale, content, generalization and design. Con
icting user's needsalso counts: novices prefer simple maps while experts bene�t from rich visual �elds. Gui-delines for design and generalization remain largely heuristic and have resisted attempts tototal automation. Aesthetics may not be a priority for map design; nevertheless, clarityand legibility are important for user acceptance.Map-reading can be described as a form of human information processing. The systemmodel describes this activity on each stage of operation, from stimulus to response; theprocessing model focuses on what happens at each stage. The system model describes thehuman visual information processing, initiating from the visual receptor system, composedof di�erent types of photo-receptors, sensitive to distinct input (light intensity, wavelength).The limitations of these sensors de�ne minimum dimensions such as lines thickness andseparation between symbols. The core of the system is the short-term memory, controlling42



the process of information retrieval from the long-term memory.The processing of maps attempts to track the stages of increasing awareness duringmap-reading and how elements of the image are detected, progressively recognized throughlinks with the long-term memory, and combined into larger meaningful symbol groups(synthesised visual memory). The knowledge acquired from education and experience isstored in the long-term memory, playing a vital role on this processing model. This memoryseems to be structured in previously established knowledge schemas, with general themesat higher levels linked to more speci�c elements lower down.This organization enables to processing modes. In the bottom-up (data driven) proces-sing, the visual system responds to primitive graphic marks on the map, and only then doesmeaning emerge through reference to long-term memory. In the top-down (concept driven)processing, the percipient is assumed to approach the image as a map, and thus has a readyselection of relevant hypothetical schemas to test against it. In practice, some combinationof the two occurs.The interactive map display will demand awareness of the content of available databases,besides map-reading and manipulative device skill. Mental visualization questions, such as\add the contour layer to this map", will introduce a pre-perceptual element to the map-reading process, bringing it closer to the processing and use of natural language.5.2 Remarks on Human Factors in GIS InterfacesThe absence of an adequate user interface for gis can be explained by the relative littleknowledge of the real needs of the gis users' community. Rhind, Openshaw and Greenpoint out two factors that complicate most user need studies: the rapidity of technicalchange and the growth of user appreciation of what can be achieved by a computer system.In [ROG88] these authors illustrate the nature of needs of gis users with a series of simple,generic questions:1. What is at location...?2. What is adjacent to...?3. Where is... true/to be found?4. What has changed since... and where has this occurred?5. What spatial pattern(s) exist(s) and where are the anomalies?6. What if...?It should be noted that functionality is important for the user, but performance, reliabi-lity and ease of use are important as well. From the diversity of tasks and the heterogeneityof users, we can conclude that no single interface model is suitable for gis. Therefore, gisuser interfaces should provide multiple interaction paradigms, and a variety of access pathsto the same information, in order to satisfy a considerable number of users.Although many problems remain open, researchers have already proposed adequate in-teraction mechanisms for supporting di�erent users point of view. There is now a demand43



for integration of these tools into a single general purpose gis user interface. Moreover,there is an evident lack of mechanisms treating temporal cognition and suggesting temporalmetaphors. [Mon92] suggests cartographic animation for understanding of correlation bet-ween geographic variables. The same approach could be the startpoint of new metaphorsfor temporal representation in gis. [Peu94] presents a comprehensive discussion about theimportance of time in geographical systems.6 Conclusionsgis are a new class of software tools characterized by the manipulation of georeferenceddata. An increasing number of applications is demanding gis services and motivating largeresearch e�orts in this area. In spite of the great progress reached in the last years, thereare still many problems lacking proper solutions in the gis context. The user interface isone of these problems.This paper surveyed some of the main contributions for understanding and solving thisproblem. The main di�culties for the development of user interfaces for gis were classi�edin three main areas: architectural aspects, external languages, and human factors. Theanalysis of existing approaches in each of these areas led to the following considerations:� Generic solutions for gis user interfaces are not foreseen in a near future; even theexisting ad hoc solutions are far from ideal.� Existing architectures for gis user interfaces fail to de�ne at least one of the followingaspects: integration of the interface to the gis; functionality and interoperability ofthe main modules; intermediate representation model and mapping to gis model;division of tasks between user interface and gis.� Although visual interfaces are gaining importance, current gis query languages use ahybrid approach of textual formulation and visual presentation of queries results. Theexpressive power of visual languages must be increased before pure visual gis querylanguages can be implemented.� Great progress has been reached in gis users' models and human spatial cognition.The challenge now is for integration of di�erent mental models in a coherent interfacetool.� Practically all existing purposes for gis interfaces deal with representation of anduser interaction with space. Although the spatial aspect is inherent to georeferenceddata, there is another aspect of these data that is fundamental for the understandingof geographic phenomena: time. gis user interfaces have not yet taken this intoaccount. Thus, it is urgently necessary to provide solutions for the representation oftemporal aspects in gis. [Peu94] discusses some of the complex problems involved inthis subject.We are now applying these observations on the design of a generic~user interface for gis.The architecture of the interface is basically that presented in [OM95]. We are currently44
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