VIRTUAL ENVIRONMENTS:
A NEW FORM OF CARTOGRAPHIC EXPRESSION
Barry Bitters

Senior GIS Analyst

MTC Technologies Inc.

7411 Alban Station Court, Suite A104

Springfield, VA  22150

Ph: [703] 735-4857

bbitters@MTCTechnologies.com
Abstract.  Real-time interaction within very high-detail, experiential virtual environments is now possible on both desk-top and lap-top computers.  However, for interactive and immersive virtual reality (VR) to be possible, it is essential to have a digital representation of the environment in the form of a visual database variously called virtual environments (VE), virtual worlds, synthetic environments, or synthetic natural environments (SNE).  As is the case with all new technology, there are certain dilemmas that still exist - dilemmas that initially limit the usefulness and wide-spread use of an innovation.  Paramount among these is the acceptance by the cartographic community of virtual environmental databases as a new and acceptable form of cartographic expression.  This paper briefly describes the state-of-the-art of virtual environmental databases production and discusses the relationship of virtual environment production to the traditional cartographic discipline.
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INTRODUCTION
It can not be denied, using commercial-off-the-shelf hardware and software, it is now possible to create and interact with very detailed and very realistic virtual environments of real-world or notional (those imaginary virtual landscapes as seen in the gaming industry) cultural and natural landscapes.  We have developed geospatial feature classification data structures and associated public-domain 3-D model libraries for use in future geospatial virtual environments (GeoVE), modeling and simulation, and geospatial software systems.  This work has lead to the development of a rudimentary capability to rapidly create very detailed virtual environments of natural and cultural landscapes; not just imagery draped over elevation data, but VE databases that include very detailed 3-D representations of features on the ground.  To view static examples of these databases, visit our web site at http://vissim.uwf.edu.  Not only are we able to generate visual databases at this level of detail, but it is now possible to interactively fly-, drive-, and walk-thru these databases on high-end personal desk-top and lap-top computers.

Using this technology, we propose the introduction of a new cartographic product - the interactive, 3-D, topographic, map product.  In place of the traditional, hard-copy, 2-dimensional, topographic map product; we propose the formal development of a production specification for the soft-copy, fully 3-dimensional, topographic map.  However, to move the technology in this direction, the cartographic community must commitment to immediate research into effective means to capture and display this very high level of feature content.  In the future, we will likely see the capability to interactively view VE databases in a wide variety of common applications – from the purely scientific to personal applications.  As a result of the potential wide spread use of this technology, there must be extensive research performed into the cognitive effectiveness and visual effects of proposed VE symbology.  These studies must be performed to initially identify best practices and the most effective means to represent the real world in virtual space.  Further, a formal and consistent approach to symbology must be developed.

This research must also concentrate on efficient means to autonomously capture very high resolution correlated imagery, elevation, and feature data content to populate VE visual databases.  Manual data capture and editing of visual databases will soon become prohibitively expensive.  Also, there comes a point in time when the required level of detail becomes too complex for human operators to comprehend.  For these reasons, it becomes imperative that autonomous methods be sought that allow the rapid and efficient development of VE data.  As new requirements for VE technology surface, the demand for even more detail in VE databases is inevitable.  Data capture must keep pace with this anticipated data demand.

A CONCEPTUAL BASIS
With today’s level of digital display technology, it is now possible to fly-, drive-, and walk-thru very detailed, digital, virtual, environments using high-end desk-top and lap-top computers.  However, for interactive virtual reality (VR) of real-world settings to be possible, it is essential to have a digital representation of an environment in the form of a visual database variously called virtual environments (VE), virtual worlds, synthetic environments, or synthetic natural environments (SNE).  

The creation of visual geospatial databases for use in the depiction of real-world virtual environments is not new.  In the early 1960s, NASA created synthetic environments for use in early real-time simulation systems.  These early systems were not digital or analog systems, but were based on detailed physical terrain models developed by teams of model makers.  A movie camera mounted on a precision gantry was maneuvered over the terrain models to generate visual cockpit displays.  At the same time, the U.S. Department of Defense (DOD) was experimenting with a gantry mounted camera moving over specially prepared plastic relief maps, also as a source of visual cockpit displays.  The conceptual basis of these early forms of visual database development was based purely on manual creation of physical terrain models that represented a particular geographic area of interest.  Generally, resolution and levels of detail were fixed and were dependent on time and fiscal constraints in the operating budget.
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Today, the conceptual basis of synthetic natural environment (SNE) development is not so straightforward.  Often, hardware and software limitations dictate how visual databases are developed, when in fact database generation procedures should be designed primarily to capture the essence of a specific natural or cultural landscape.  Hardware and software plays an important part in determining what volume of data can be displayed on an image generation display.  In recent years though, formal conceptual design of architectures for the development of SNEs has been performed.  Birkel (1999) defined a formal conceptual model for synthetic natural environments (Figure 1).  In this model, he defined an Environmental Ground Truth element and a Military System Models element.  An integral part of the Environmental Ground truth element, the Environmental State, is that data used to describe and categorize the natural and cultural landscape – the ultimate end product of the database generation process.  
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Donovan (2000) expanded on the concept of the Environmental State by defining an open architecture for the development of SNE databases.  This open architecture was designed to use traditional sources of raw geographic information to create visual and sensor run-time databases.  This conceptual design was heavily dependent on data available from U.S. National Geospatial Intelligence Agency (NGA) (formerly the National Imagery and Mapping   Agency   NIMA) as a source   of   raw   geographic information.  The following discussion expands on Donovan’s open architecture by outlining a conceptual design for a database generation system expressly designed for the creation of next generation real-time simulation databases.  This conceptual design has been developed with simplicity of processing and efficient use of software in mind.  

In the last 10 years, there has been significant progress in the graphic throughput capabilities for real-time displays.  However, there has been limited increase in the number of polygons that can be displayed in multi-channel image generators.  During the same period, the generalized processes involved in the creation of real-time simulator databases have remained relatively unchanged.  Specific procedures, applicable to particular vendor’s systems vary, but the generalized processing is similar to that shown in Figure 2.  Elevation data, feature data, and image data are all processed in such a way that a correlated and spatially accurate environmental data set is generated.  Processing is performed using a mix of proprietary and commercial-off-the-shelf (COTS) software.  A library of rendered 3-D models is also required.  These four ingredients - elevation, features, imagery, and 3-D models - have been the traditional sources of spatial information used in the generation of real-time simulation databases.  Using a varying mixture of proprietary and COTS software, these raw source materials are then transformed into visual and sensor run-time databases – usually in a proprietary format.  The ultimate result of the database generation process has traditionally been the creation of a set of vendor-specific run-time databases (those actual machine-specific, binary, visual databases required for image generator displays), for visual and sensor displays, designed to run on a single vendor-specific image generator.  
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However, in a distributed simulation/high-level architecture (DIS/HLA) environment, production of databases for a single image generation system is impractical.  In the distributed environment correlated, visual, and sensor run-time databases are required for multiple image generation (IG) platforms – IGs from different vendors, each often requiring run-time databases in different formats.  To insure that all federation displays show the same detail, each must have the same basic set of processed spatial data and 3-D models.  Otherwise, in simulation space the landscapes will not look the same and will not have spatial correlation.  There is another reason why the traditional database generation process is impractical.  The creation of SNEs is very time consuming and expensive.  When detailed raw source data is not readily available database generation is reduced to basic manual digitization.  During recent database generation projects, many different organizations have independently created SNE data for the same pieces of ground.  This occurs because organizations cannot wait for other producers, cannot allow themselves to be dependent on timeliness of outside production efforts, and because data from outside sources may not be compatible to their database generation process.
Figure 3 shows a generalized diagram of the expanded database generation process [Bitters, 2004].  This concept is based on a three part process involving 1) Data warehousing; 2) Data post-processing; and 3) Run-time database display.  Unlike the current database generation paradigm shown in Figure 2, this conceptual design does not depend on a single source of raw geospatial information.  Further the ultimate result of this new conceptual design is not a run-time database for a single image generator, but multiple run-time databases for a variety of image generators – run-time databases that can then be forwarded to all federation sites in a distributed setting prior to training or mission rehearsal events.  By using a single set of source data and a single suite of software tools, correlation of multiple run-time databases can be assured.  (However, absolute and total correlation throughout a federation cannot be assured because hardware induced graphic generalization will work differently from one image generator to another).  Based on follow-on research and preliminary engineering development, this conceptual design has since expanded to include processes to assist in the rapid generation of very high-detail, virtual landscapes.
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VISUAL DATABASE DEVELOPMENT
There are four basic elements to the typical virtual environment (Figure 4): 1.)  a source of terrain detail – some form of elevation data,  2.)  a source of ground texture - usually some form of color aerial photography,  3.)  a source of cultural and natural objects – some form of feature data, and 4.)  a set of geometrical representations of common cultural and natural objects  –  in other words an assortment of generic 3-D models.
Elevation Data (The “Terrain Skin”).  Elevation data provides a source of visual relief representation for the virtual environment.  Triangulated networks are the most efficient form of data storage for elevation data that is destined for use in any real-time simulation environment.  In the past, both triangular regular networks (TRN) and triangular irregular networks (TIN) have been used in real-time simulation systems.  Efficient processing of virtual environments is dependent on overall polygon count of each scene.  This overall polygon count per scene includes each triangular elevation entity within the scene.  For this reason, it is essential that the resolution of the final production triangular network is optimized to a resolution compatible with efficient display operation.  

Imagery Data (Ground Texture).  Imagery not only provides visual cues for detailed recognition of the natural and cultural landscape, but it also serves as the cartographic base for all feature data that will be displayed above the terrain.  Therefore, extreme care must be taken in preprocessing imagery for use in the virtual environment.  Precision rectified and ortho-rectified imagery is an essential element of the virtual environment database.  Precision rectification insures that each image is positionally correct relative to the ground.  Ortho-rectification insures that each image is positionally correct based on a detailed elevation data model.  Performing rigorous and precise rectification and ortho-rectification insures that imagery is both aesthetically appealing and spatially correct.


If several resolutions of imagery are available over a particular project area of interest, it is best to insure that each different resolution is a power of 2 reduced resolution of the most detailed image.  For instance, if for a particular area, a 5 meter image is available and within that 5 meter image, 1 meter imagery is also available, special preprocessing is necessary.  To assist in the rapid ingestion, processing, and display of these two set of imagery, a base resolution of 1.0 meter is defined and all other imagery is preprocessed to a power-of-2 lesser resolution.  Therefore, the five meter imagery must be resampled to a 4.0 meter ground sample distance to meet this power-of-2 requirement. 

Feature Data.  The visual database must also include a detailed description of all feature data that will ultimately appear in the interactive display.  A basic tenant in the visual database generation process is that the ultimate level of photo-realism of any virtual environment is reflected by the number and variety of features within a certain area.  For instance, an average mature forest might have 2000 trees per hectare.  If, due to system limitations, a virtual rendition of this forest contained only 100 trees per hectare, it would not possess all the visual cues of the real-world forest.  It would, therefore appear as a caricature of a real-world forest.  If however, 500 trees per hectare were placed in the visual database, a more realistic and less “cartoonish” rendition would appear.  This is also the case for cultural features.  As the number, variety, and specificity of 3-D models increases, so to does the [image: image5.png]


apparent level of realism.

Figure 5.  Examples of the variety and detail of 3-D models used in virtual environment displays.

Three-Dimensional Models.  Another essential element of the database generation process is the use of generic and specific 3D models (and associated texture images) to represent feature records stored within the visual database.  Figure 5 provides illustrations of the variety and detail of generic 3D models used in the VR environment.  To be able to display a visually recognizable representation of point feature objects, for each point record in a point feature layer, each different point feature record must be mapped to its counterpart 3D model object.  This mapping can be explicitly stored in an attribute field of each feature record as a free text file name of the corresponding 3D model file name; or implicitly store in each record in the form a feature classification code – assuming each feature classification code is associated with a specific 3-D model. 

WHAT IS A VERY HIGH-RESOLUTION SYNTHETIC ENVIRONMENT?
When we think of real-world terrain visualization, based on what is commonly available from today’s software vendors, we commonly expect a graphic, interactive display containing an image draped over elevation data.  Due to hardware and software performance limitations and limitations of application software, in most instances this is all that can be displayed interactively.  Figure 6 provides a static display of a scene from a visual database that, using [image: image6.png]


today’s desk-top computer technology can be interacted with at a 24 frames per second refresh rate – a screen refresh rate equal to that viewed at a typical movie theater.  The level of feature detail and the preponderance of, and the variety of different 3-D models standing up above their image footprints creates an appearance of natural clutter similar to the real world.  This feature detail, feature specificity, and feature variety are an important element of creating a sense of realism in virtual environments.  The more features and the more variety of features that can be placed in a virtual environment, then the more realistic the representation becomes.  If these 3-D models closely represent their counterpart objects in the real world, then the closer to photo-realism the simulation becomes.

The Cartographic Base Layer.  In past attempts at creating 3-D terrain visualizations, detailed elevation data was the considered the most voluminous data element and also an appropriate candidate of the geodetic base for the visualization database.  However, as visual databases have become more detailed, the imagery element has rapidly overtaken the elevation element as the most voluminous element of the visual database.  Further, the detail that is apparent on the imagery, and the requirement for elevation and features to accurately correlate to their image footprints, demands that the imagery data serve as the geodetic base of any very high resolution visual database.  It then follows that the ultimate accuracy of each visual database is dictated by the rigor of image rectification and ortho-rectification processes.

Scale.  In future synthetic environmental databases, the traditional concept of map scale is passé.  Because natural and cultural features within a synthetic environment are stored and displayed using symbolic representations in the form of 3-D model objects that essentially are not scaled down from their real-world dimensions, there is no scaling involved in the visual database generation process.  In essence, data and 3-D representations of data are stored at an apparent cartographic scale of 1:1.  Since 3-D objects are created with dimensions that are representative of their actual real world sizes and shapes there is no scaling involved in the creation of very-high resolution virtual environments.  Although, a virtual environment may be stored as projected data onto a flat plane, the fact that real-world dimensions and shapes of modeled objects are reflected in the final displays, projection would have no bearing on the absence of scaling. 
Numerous observers have equated the traditional concept of map scale with the use of level of detail (LOD) management in virtual environment development.  LOD management is not a VE form of scale.  The concept of LOD was originally developed to economize on processing and graphic display resources.  LOD refers to the automatic reduction of model, texture, and elevation detail being processed and displayed in simulation space as the distance between the observer and an object increases.  When the distance between the observer position and the 3-D model is so great that vital details would no longer be visible, LOD management allows the reduction of displayed detail.  As the distance between the observer and the object increases less and less detail is processed and ultimately displayed.  LOD management can be though of as the digital implementation of the effect of distance on the perceived resolution of viewed objects.  Imagine standing on a mountain looking down on an urban area.  For objects in the valley nearer to your position, it is possible to distinguish detail such as doors, windows, and other structural elements.  However, for objects further away, less detail is visible.  For objects very far away, one merely perceives a swath of color and often times can not perceive discrete geometric form.  This is the essence of LOD management.  
The overall strategy of LOD management is to display more detail in the foreground and less detail in the background.  At the same time, this strategy attempts to display a recognizable version of each object out to the same distances and at the same resolutions that the discrete form would be visible in the real world.  In the case of 3-D models, during the creation process, an analyst attempts to capture the reduction in visible detail that takes place with the increase in viewing distance.  In essence, what the analyst does is create multiple version of an object – each version showing different amounts of detail.  For each version, a range of distances is stored as an attribute value.  Then in simulation space, these different versions of the model are turned on and off based on the distance of the object from the viewpoint.  
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In Figure 7, a 3-D model of a playground teeter-totter illustrates this concept.  The highest level of detail provides a very detailed representation (278 polygon faces) of the object at close range – when the distance between the eyepoint and the object is between 0 and 25 meters.  The less-detailed medium LOD will be displayed between 25 and 50 meters – using fewer polygonal faces and providing less detail.  Between 50 and 500 meters the lowest level of detail version of the object will be displayed.  In simulation space as in the real world, beyond 500 meters, because of  its  relatively  small size,  and due  to surrounding  clutter, the teeter-totter disappears from view.  When employing the LOD concept in the 3-D modeling effort, the general rule-of-thumb is that a reduction in polygon counts of one-third to one-half should take place between each LOD and the range of distances should reflect the same real-world reduction in detail.
Symbology.  Traditional map products employ a formalized symbol set to represent real world objects in map space (Dent, 1990).  Generally, abstraction and generalization are employed to represent real world objects in the form of map symbology.  In a visual database, 3-D models and texture maps are used to represent real-world objects.  The more true to form these models and textures are, the more realistic the representation.  Further, the more true to form, the more recognizable they will be to the casual observer.  Due to current technological and fiscal limitations, it is not economically feasible to individually model every single object in their real-world complexity.  Only in those areas of special interest is it feasible to perform this type of specific feature modeling.  In all other areas of a visual database, symbolic representation, in the form of generic 3-D models, is employed.  Therefore, it must be understood that generic 3-D models and texture maps are also an abstract and generalized representation of reality.  

There are three generally accepted cartographic symbol types: point, line, and area (Robinson, 1976).  These three types of symbols are standard in all forms of topographic and thematic mapping.  Traditionally, one additional type of symbol, the three-dimensional diagram is commonly used to represent volumetric distribution.  Symbolic portrayal of real-world objects in the context of high resolution virtual environments; do not fit into the traditional framework of cartographic point, line, area, and volume symbol types.  This demands the addition of three new broad types of cartographic symbolization: 3-D points, 3-D lines, and 3-D areas.  No formal standards exist for these broad classes of cartographic representations.  To date, the development of 3-D models has been a haphazard, localized, and an unsystematic effort.  As the need has arisen for a particular class of 3-D model, each has been locally produced with minimal cognitive evaluation.  For this reason, there is a distinct need for human factors testing to insure that 3-D models are in fact true representations of their real world counterparts. 
Standardization and Interoperability.  There has been an inherent problem in the real-time simulation community in that visual databases have always been created based on design parameters required by a specific commercial image generation (IG) systems.  These IGs required visual databases to be developed in proprietary formats and often were/are not reusable in other systems.  This situation has always made for a standardization nightmare.  Numerous U.S. Department of Defense and industry initiatives have been attempted to resolve this situation, however, to date, no universally accepted visual database formats have been established.  If the development of a wide-area visual database is to be attempted, standardization of stored geospatial data interchange formats is essential.  There have been numerous initiatives to do this; however, none of them has surfaced as a universally accepted standard.  The most mature of these initiatives is the SEDRISTM Environmental Data Coding Specification (EDCS) convention (SEDRIS, 2004).  This is an international modeling and simulation industry initiative to develop a system for the unambiguous description of environmental data.  EDCS is formalized in the ISO/IEC 18025:2005 EDCS International Standard [ISO/IEC, 2005].  EDCS is one of the first attempts at developing a formal mechanism for the interchange of standardized environmental data.  The major drawback of the EDCS, as with many other standards, is that it contains an object model that was developed from numerous topographic data dictionaries.  The significance of this is that the descriptive power of the EDCS data dictionary is limited to only that small set of cultural and natural features that are traditionally portrayed of topographic maps.  To date only minimal progress has been made at expanding this data dictionary into a comprehensive ontology of the environmental domain – a data dictionary suitable for use in future VE efforts.  
The Simulation Interoperability Standardization Organization (SISO) has recently organized the Environmental Data Representation Standards (EDRS) Product Support Group (PSG).  This forum has the mission of “...the maintenance of a liaison with the ISO/IEC SC24 organization, the SEDRIS organization and the environmental data representation community; providing post-standardization SISO support and maintenance for the SEDRIS family of ISO standards; the development and implementation of tools; and the creation of a forum for community education on application and use of the standards” [SISO, 2006].  This initiative has the potential to provide the industrial impetus necessary to extend the EDCS data dictionary to make it a viable tool for the future needs of the modeling and simulation discipline. 
CONCLUSIONS
If the detailed representation of real-world environments is, in fact a cartographic art form, the challenge to today’s cartographer is how to standardize visual database generation technology.  It is only a matter of time before the manufacturers of dash-board mounted navigation systems move from abstract 2-D map displays to more intuitive 3-D representations of the real world.  With this new technological advance will come the requirement to map the entire world at a scale of one-to-one (1:1).  Before this can take place, a formal specification for 3-D map data must be designed, developed, implemented, and universally accepted.  The current existing standards do not address a formal means to map the entire Earth at a scale suitable for high-resolution 3-D visualization of real-world cultural and natural landscapes.  The current standardization efforts have been developed based on the need for the development of local, sometimes regional visual databases.  They do not address the systematic and logical partitioning of the Earth’s surface into a rationally mappable surface.  

Further, most current standardization efforts do not address the mapping of the Earth at a resolution higher than that used in the traditional topographic mapping process.   Assuming that existing taxonomic data structures (taxonomies, map legends, data dictionaries, etc.) are adequate to map the complex nature of the real world is a naive outlook on future mapping technology.  Performing detailed mapping at a level of resolution of every “beach ball and birdbath” demands that an object model exist that can itemize down to every “beach ball and birdbath”.  Data dictionaries that have a level of detail equivalent to traditional topographic mapping needs can not faithfully serve in future mapping environments. 
Another area of importance to the cartographer is symbology.  In virtual displays, symbolic representation is employed in the form of 3-D model libraries – a collection of geometric object closely approximating the visual cues of their counterpart real world objects.  The preponderance of existing 3-D models used today in virtual environments, have never been tested in a human factors setting.  They are usually the best guess of a single modeler of the epitome of a particular object.  In the past, there has usually been no formal testing to evaluate the efficacy of each particular 3-D model to convey the desired knowledge to all observers.   This type of testing is essential as part of the standardization process.
There must be a significant commitment in research into more efficient means to populate visual databases with feature content equal to or greater than the data that can be processed by future image generators.  This research must concentrate on efficient means to autonomously capture visual databases.  There comes a point in time when the required level of detail becomes too complex for humans to comprehend.  In our research, we have come to a point where it is a very intense mental effort to manually identify objects on imagery and accurately assign an appropriate 3-D model.  For this reason and for basic fiscal reasons it becomes imperative that autonomous methods be sought.  As new requirements demand even more detail in visual databases, manual editing of visual databases will soon become prohibitively expensive.  
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Figure 2.  The traditional database generation process [after Donovan, 1999].
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Figure 7.  The concept of Level of Detail (LOD) as applied to virtual environmental 3-D modeling.





Figure 6.  An example of a very high-resolution virtual environmental database.





Figure 4.  The basic elements of a visual database:  1.) a detailed elevation data set; 2.) very high-resolution, precision-rectified, color, aerial imagery; 3.) detailed point, linear and areal feature data; and 4.) a collection of digital three-dimensional models.
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Figure 3.

   This conceptual design for a database generation process incorporates a formal data warehouse element

Where disparate data are imported, reformatted, and stored and a post-processing element where data editing, data 

augmentation, data deconfliction and conflation, and feature-to-image matching are performed prior to the run-time 

post-processing of “cleansed” data into various runtime databases.
























