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Introduction 

The legacy of topographic mapping databases has been one of inventorying features represented in relation with other features on the map to enable map reading and landscape recognition by the map reader. Required relations among features are made in topographic mapping graphically, but rarely are they explicit in databases required for topographic data manipulation. Bittner and Smith (2003) have argued that feature and process identities are opaque to each other except at a broader semantic level, where their relations and dependence can be linked. These relations are integral to the primary challenge of national topographic mapping of integrating a range of features from various sources and the maintenance and update of these cartographic compilations with time to avoid redundancy in data collection, to maintain currency, and to create comprehensive and cohesive map presentation. An ontology framework supports these processes by offering a reference or a common terminological standard set by a user context rather than on a case-by-case basis (Mark and others, 2005). As a result, ontology-driven geographic information system (GIS) facilitates and supports data management, integration, translation, interoperability, and classification.
The National Map transportation standards require the data capture of multiscale representations of transportation originating from multiple groups through translation/interoperability of distributed databases for on-demand product generation. The shift to distributed, language-based knowledge is in contrast to the traditional bottom-up databases which exist in topographic mapping inventories, where processes were cohesively matched to each other. The objective of this project is to develop an ontology of real world and digital features that works theoretically, conceptually, and logically at functional levels of data processing and use. A transportation feature catalog developed by the U.S. Geological Survey (USGS) is being matched to the ontology and tested for data integration and transportation process modeling such as route selection, shortest path delineation, and network modeling. To do this, the feature catalog and existing data models are compared to a conceptual ontology model to identify the semantic elements in database object classes. 
Background
A geospatial ontology identifies features and clarifies their relations between user perception, data computation systems, and the real world (Mark and others, 2005). Such a geospatial ontology provides the meaning to the user of features and objects that are stored and usable in the geospatial database, often accommodating multiple user meanings for the same feature. A well-designed ontology recognizes physical, logical, representational, operational, and cognitive functions that support reasoning; the user model of the world entities and movement meshes with semantic diversity of information sources. These connections are made cognitively through linguistic syntax and semantics. Semantic meanings are embedded in the representations, and the ontology is thus based on widely recognized signs that operate linguistically, such as nouns, verbs, and their modifying adjectives, adverbs, and derivatives in time, such as tense. 


Literature on geospatial ontology recognizes research ranging from recognizing the knowledge base of documents that are subject to scene understanding and image interpretation by a user, to actually transposing that image interpretation into the manipulation of spatial features. The understanding of the source image is built with semantic linkages for users to form representational rules. The production rules are built by articulating a linguistic statement defining the relation of one feature to another while examining the source data. That statement forms the design of a data model that reflects the observed relation.  As formal system ontologies, these features and their relations are translated into classes that have data and operations that together produce database functionality. How the functions will actually work depend on the real world experience of features and related processes. 

A geospatial ontology takes the form of a hierarchically organized taxonomy of classes of natural language labels. The hierarchies include general to more specific task and domain orientations, and finally to actual applications. These classificatory lists are organized by axioms and manipulated by queries based on the semantics of the thematic domains. To develop this semantic context, an ontologically based GIS requires not only feature contents, but also attributes, roles, and relations of semantic indicators. The individual features are linked by their relations, which facilitate geographical processes and functions. Levels of detail and generalization of the categories have been theorized as Granular Partition Theory (Bittner and Smith, 2003), and as mereology, the study of partitioning (Casati and Varzi, 1999). The defined relations among features are based on semantic meanings humans use to make those relations themselves. 
Geospatial ontologies are realistic, but are built around a chosen perspective. Decisions must be made concerning what to include and exclude. The criteria for inclusion and exclusion depend on the thematic domain of the ontology. The theme is based on subjects and activities combining objects and operations. The roles of features in activity processes build contextual relations across categories. The ontology makes explicit the intent, opportunity, and capability of the database to support activity. The development of the database resembles a content analysis of map reading by making explicit the user context of geospatial technologies. 
Ontology of transportation
Transportation Processes and Semantics 


   Selecting ontological choices is related closely to the way that activities are structured that the system supports by connecting users to domain objects through spatial and visual representation in system interfaces.  The domains are organized from the perspective of an agent involved in an activity (Kuhn, 2001). Although transportation data often are classified as land use/land cover, they usually are translated by the reader as process, unlike stationary features. Transportation processes are a new use of ontology beyond traditional topographic mapping inventories. Transportation domains at high-level ontological definitions include:
· technology and land use; usually as a support structure for other technology
· ecology; corridors of environmental change (Forman and others, 2003)

· land cover morphology; the modified earth surface: blasting, ice patches, etc., and 

· culture; axes of regional landscape focus, such as Route 66, for example.

In addition to the inheritance of meanings through the class hierarchies, specific characteristics may be defined for different user communities or geographical locations.

General purpose transportation ontology for the public is based on semantic queries outside of the expert user that can ground the ontology in application tasks. Base features and relations serve as the foundation for extracting a wide range of information and knowledge.  Geospatial ontologies of space, time, and theme entities and the relations of proximity, accessibility, and context among them must lead to the formation of possible inferences and visualization of the data relations (Arpinar and others, 2006). Semantics will communicate the spatial autocorrelation and spatial heterogeneity as relations between qualitative and imprecise references from textual or other non-metric sources. Topological relations, cardinal directions, proximity relations, qualitative modifiers, vocational references, spatial relation describers using general purpose databases, and general purpose metrics will build spatio-temporal thematic proximity defined as contextual distance (impedance and accessibility). 

Proposed Ontology models 


One way to evaluate digital topographical transportation databases and data models for their potential to employ ontology is to compare them to ontology frameworks. To do this, we selected the ontology framework developed by Uitermark (2001) for national topographical mapping in the Netherlands. This framework is formed by two main conceptual branches: the domain ontology, which consists of the discipline of topographical mapping, and the surveying rules, the rules by which selected landscape features are translated to digital data model representations. These two branches work together to form a classification system organized by the taxonomy of features and their relations of parts and inclusion.   
The reference model for data integration is developed from the domain ontology of the topographical mapping discipline and general feature and application ontology, the specific transportation dataset. Abstraction rules translate the definitions of objects from application to domain. Reference model (the framework for integration) object classes are related by surveying rules, meaning the reason for and actual selection of objects. The object classes from this subset are refined into taxonomy, from general to specific, and partonomy, the inclusion or components within classes. Surveying rules such as rules of data collection govern the information translation process of a topographical feature to a data feature through mediating technology. Surveying rules operate in a context governed by physical objects, not by their function or use. The reference model object class and the application object classes are related by semantics. 

Presently (2007), GIS planar topology conflicts with various digital transportation data needs. A common example is the placement of nodes at the intersection of arc segments to ensure database integrity. Such nodes may imply that the transportation lines represented by the arc segments offer directional options for line-haul weights at the point of those nodes when, in fact, transportation lines may be over or under other transportation segments.  Such problems led to the development of digital data relations in a USGS data model called DLG-E (Guptill and others, 1990). 
Building an ontology of transportation: past and current USGS work 

The ontology proposed for The National Map structures base data of the USGS for thematic domains and various public and private users purposes. Expert users of transportation GIS (GIS-T) commonly require functions such as those found in the Federal Geographic Data Committee (FGDC) data standards, including path finding and routing (Miller and Shaw, 2001). For example, directed flows follow from-to relations between nodes, but also require one-to-many relations for the branching of flow at entrance and egress points at interchanges. Another requirement is to show multiple layers of relations between features, such as transfer points between sub networks of the transportation system. 

The components of such ontology exist in parts of data structures already developed for The National Map. The following section discusses the applicability of existing USGS data structures toward a cohesive ontology for national topographic transportation mapping. 
Digital Line Graph models

The earliest digital data produced by the USGS were the Digital Line Graph data (called DLG-3), digitized directly from maps. Elements from the maps have a numerical code classification, but no clear definitions or capture conditions were developed. Topological relations were built for checking data quality, but no feature relations were defined. 
The Committee Investigating Cartographic Entity Definitions and Standards (CICAEDAS) classification methodology differed from the DLG-3. DLG-E (E for ‘enhanced’) has feature definitions, delineations, attributes, and capture conditions. Features were given names and classification, and other attribute values were coded by text. Relations were defined by the use of point and nodes relative to chains and faces. Representation rules were developed separately from features. The DLG-E concepts were standardized into DLG-F (F for “feature-based”), though no publicly-released data were produced. The DLG-F template for hydrographic data was modified into the National Hydrological Dataset (NHD) format specifications.
The feature list for Transportation entries are categorized under the view “Cover” and “Network” and “Complex” sub views of DLG-E. “Cover” reflects features at a location on or near the surface of the earth.  This view contains a mixture of land use and land cover information; multiple features derived from this view may occupy the same location. Because of the diversity in the features defined by this view, additional sub views were added.  These sub views clarify the distinctions between features in the view.  Built-up Land (Structures and areas associated with intensive land use) is one of six sub views based on the Level I land use and land cover categories described by Anderson and others (1976). Some transportation features were categorized under “Network” (an interconnected set of constructions used for transportation or communication) and others under “Complex” (Table 1). Features under the “Network“ sub view are listed in table 1. “Complex” has additional sub-views; the features identified under one of these, “Transportation,” is shown in table 1. (Other sub views under the “Complex” sub view are not shown.) Depending on the definition of transportation, additional features classified as “Communications/Utility Site” (an area, or a group of structures functioning as a unit to provide a public service and used for the generation and/or transportation of communications, water, gas, oil, and electricity) also can be found in the feature list. Names of specific features are stored as attributes on the highest order of feature complexes. 

Spatial entities are defined as topological relations, with corresponding coordinates. Temporal entities were not defined.

 The DLG-E project defined at least 6, two-way relations between features, including spatial entities. These were: 
· composed of/part of,
· bounded by/bounds,
· inflow from/outflow to,
· connected to,
· vertically related to, and
· within/contains.
These relations could be attributed as well. Linear features in DLG-E are sequenced (connected) and directed (order of nodes). 

Certain conditions required for modeling were recognized to be not satisfactorily handled using the DLG-E elements (features, attributes, and relations).  Among these is direction of flow, which is particularly required for transportation features, such as roads and streams, which have instances of one‑way flows. This information may have been encoded by directing the strings of coordinates used to represent the "single line" features and the insertion of directed centerlines in "double line" features, or by adding relations indicating that the flow starts and stops at the ends of the feature instances.  The first method is similar to that used in commercial GIS, but requires the insertion of an arbitrary centerline in areal units having flow.  This centerline causes problems in the representation of feature instances, especially where "single line" features intersect "double line" features.  The second method is a cleaner method of representation, but requires users to process flows along lines and areas. The depiction of flow direction was one problem near the limit of DLG-E functionality. 
The National Map models and standards

The National Map best practices model is available on the Internet (http://bpgeo.cr.usgs.gov/model/ ). The interface prompts the viewer to click on a map on the screen and thus depends on the existing cartographic literacy of the user. This approach offers limited semantics, such as the ability to find information by location, such as names or context, as in features called “interstate highways.” In these USGS projects, the ontological, epistemological, and linguistic framework of the feature assemblages is excluded. The conceptual framework for data integration or translation is not explicit, except from one version of the project to the next. 
Draft standards of The National Map follow FGDC standards for the National Spatial Data Infrastructure (NSDI). Digital roads data, which along with air, rail, transit, and inland waterways form the five modes that compose the transportation theme of the digital geospatial data framework, rely upon linear referencing systems and event and segmentation models used in GIS-T (ANSIT, 2006). 

The designers of DLG-E data model and USGS/FGDC data coordination were aware of the function of data for process modeling, but actual functions were not included in the original conceptual model. Instead, the relation aspects of the GIS data are put forward for potential processing applications. Without defining a user context, the data are designed for a ‘base state’ of process modeling. Attempts to capture the “global rules” across applications move the work toward defining the ontology. Despite these problems, the existing state of The National Map is still compatible with ontology requirements. Meeting the definition of ontology, the mapping standard can work as the domain ontology. The mapping partners provide the application ontology; metadata may contain abstraction and surveying rules. Reference model object classes are the Best Practices model; application object classes are fit within Best Practices model.

Conclusion
The representation of transportation in GIS is semantically rich. The most commonly available GIS data models for transportation accommodate only general transportation relations among features. The USGS digital topographic data legacy can serve as a basis for a working ontology for transportation, but greater detail is required by GIS-T users that neither the DLG-E nor present FGDC Roads data standards now offer.  The use of available ontology data models can guide the design of new transportation data models to maximize the potential of transportation ontology.  Further research will test the potential of the current national topographic mapping program, The National Map, to incorporate ontology within its framework. 
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Table 1. Transportation feature classification by category name and sets of features. Category names appear in bold font. 
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