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Introduction

The recently completed National Historical Geographic Information System (NHGIS) was a five-year data infrastructure project funded by the U.S. National Science Foundation and directed by the Minnesota Population Center at the University of Minnesota. The project has created a spatio-temporal database of census boundary files and associated attribute data for the entire USA (http://www.nhgis.org/). Spatial and statistical files have been created for each decennial census from 1790 to 2000 for states and counties and from 1910 to 2000 for tracts. To facilitate analysis of these data at a variety of scales and meet the needs of the myriad users of this database, including social scientists, educators, policy-makers, and demographers, we have developed a system for the creation of multiple-scale versions of the boundary files through a fully automated generalization process.
The primary spatial data for the project comes from the Census Bureau’s TIGER files (http://www.census.gov/geo/www/tiger/), which were generated from multiple sources with varying levels of detail, generally appropriate for mapping at a scale of about 1:100,000. 1990 and 2000 census boundaries were derived directly from the TIGER data while boundaries for earlier censuses were created through the on-screen digitizing of paper maps and consultation of other historical records, utilizing existing TIGER line features whenever possible (McMaster and Lindberg 2003). The completed base NHGIS boundary files therefore include significantly more detail than is necessary or desirable for typical small-scale thematic mapping applications. 

This paper provides several illustrations of NHGIS boundary data to highlight the challenges in generating multiple scale models of the data and to demonstrate the solutions that we have implemented to overcome these challenges. The completed system theoretically allows for the creation of a generalized database at any scale. One can simply change an input scale parameter and all thresholds used in the generalization process are adjusted accordingly. This paper also provides a brief overview of the NHGIS generalization framework, discussing the data model and principle algorithms used, as well as the unique challenges in maintaining topology among overlapping historical census boundaries. The paper concludes with a discussion of system limitations and future research.

Generalization Examples
Fig.1 illustrates three different models of coastlines and county boundaries along the Florida Gulf Coast from Tampa Bay northward. The first model (Fig. 1(a)) is the NHGIS’s base 2000 county boundary data, drawn directly from Census TIGER data with two modifications: all county polygons have been clipped to the coastline and water features that extend far inland from the coast (estuaries, rivers, etc.) have been eliminated. The level of detail in the base data is excessive for a map drawn at this scale. Many islands are too small to be clearly legible. Boundary lines of the complex coastal features frequently coalesce and fill space with the gray boundary color. This excessive detail both detracts from the map’s clarity and also adds significantly to the size of boundary files. Given that most thematic mapping of county-level data occurs at small scales—usually smaller than the 1:2,000,000 scale used here—the time required to download and process these base data for a typical application would be unnecessarily long, and the resulting map, without generalization, would be overly detailed.
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Figure 1. County boundaries along the Florida Gulf Coast drawn at 1:2,000,000: a) NHGIS base data from the Census TIGER files, with inland water extensions clipped, b) NHGIS generalization for a 1:2,000,000 target scale, and c) U.S. Census Bureau Cartographic Boundary Files. The inset maps are drawn at 1:500,000.
For NHGIS data, we have therefore developed an automated generalization system that will enable us to produce several alternative digital cartographic models, each suitable for mapping at different scales. Using this system, we have now produced a base generalized dataset (a digital landscape model, or DLM) of all historical U.S. census tracts, suitable for mapping at 1:100,000 or at other similar scales. This base DLM reduces the size of NHGIS census tract boundary data by about 60% without significantly altering the appearance of the boundaries at a scale of 1:100,000 (see Figs. 6 and 7). Working from the base DLM, we plan to produce three new digital cartographic models (DCMs) of historical census tract data with target scales of 1:250,000, 1:500,000 and 1:1,000,000. We also plan to produce a DCM of historical county boundaries for a scale of 1:2,000,000 and possibly for another smaller scale.

Fig. 1(b) illustrates the results produced by running our generalization system on Florida county boundaries with a target scale of 1:2,000,000. For comparison, Fig. 1(c) illustrates the county data provided by the U.S. Census Bureau’s Cartographic Boundary Files (http://
www.census.gov/geo/www/cob/). The Cartographic Boundary Files are also derived from TIGER data and generalized to be suitable for thematic mapping at scales ranging from 1:500,000 to 1:5,000,000. The three inset boxes (i, ii, and iii) in Fig. 1 highlight basic differences between the NHGIS generalized data and the Census’s. While the Census’s coastlines appear to be somewhat smoother overall, with fewer jagged crenulations than the NHGIS coastlines (Fig. 1, Insets ii and iii), the Census’s coastline occasionally deviates significantly from reality (as in Inset ii) while the NHGIS version corresponds to the base data more consistently. The Census generalization also maintains significantly greater detail along internal county boundaries (Inset i) than along the coastlines (Insets ii and iii). NHGIS generalization, on the other hand, is applied consistently to all boundaries. Most importantly, while the Census provides only one generalized boundary dataset, the NHGIS generalization system can be re-applied at multiple scales, so the NHGIS will be able to provide separate datasets for different target mapping scales.
The next series of figures illustrates the NHGIS system’s capability to produce generalized boundaries for any target scale over a broad range. Figs. 2 through 5 each illustrate the generalization of coastlines and county boundaries around Charlotte Harbor, Florida, at a different target scale. The main map on the left in each figure superimposes the generalized data over the ungeneralized data at a scale of 1:400,000 in each figure. The maps on the right in each figure illustrate how the ungeneralized and generalized data each appear at the target scale.
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Figure 2. Coastlines and county boundaries generalized for a target scale of 1:150,000
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Figure 3. Coastlines and county boundaries generalized for a target scale of 1:400,000
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Figure 4. Coastlines and county boundaries generalized for a target scale of 1:1,000,000
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Figure 5. Coastlines and county boundaries generalized for a target scale of 1:2,000,000
For each target scale, the NHGIS generalization system applies exactly the same set of algorithms and operations. What changes are the numerical parameters and thresholds that control how and where each operation is applied. Initially, we specify each of the parameters in “page units”. For example, to apply a simplification algorithm, we may set a particular threshold to be 0.5 mm in page units, which corresponds to a distance on a map page. If we then set then set the target scale to be 1:100,000, the system will transform the 0.5 mm threshold to 0.5 mm * 100,000 = 50 m in ground units. If we run the system again with a target scale of 1:500,000, the system will use a threshold of 0.5 mm * 500,000 = 250 m instead for this algorithm. This framework ensures a consistent appearance in the generalized data across scales. This is evident in Figs. 2 through 5 if we examine the level of detail in the lower right maps. From figure to figure, the level of detail appears to be about the same in each of these maps even though the scale varies significantly.
Generalization System
The NHGIS generalization system operates through ESRI’s ArcGIS environment. We have used C# and ArcObjects to create an executable file that generalizes data stored in a geodatabase on an Oracle server accessible via ArcSDE. 
The main processing is divided in two parts. The first part eliminates small areas (islands, small parts of multi-part features, and slivers caused by historical boundary changes) according to measures of area and area/perimeter. The second part generalizes boundaries in four steps:

1. Join feature parts that touch each other at only one node by “filling in” the connection between the two parts. Conceptually, this is similar to transforming a figure-8 into an hour-glass figure. It simplifies topological relationships in order to make later operations more secure, more effective and easier to implement.
2. Apply two simple line simplification algorithms to remove insignificant points, or those vertices that contribute little to the geographical character of a boundary. The first algorithm removes vertices connecting nearly-parallel segments, effectively “straightening” lines that are nearly straight anyway. The second algorithm is the Douglas-Peucker algorithm (Douglas and Peucker 1973) using a low tolerance. This is primarily a pre-processing step that has little visual impact at the target scale but reduces line complexity in order to speed up the following, more complex operations.
3. Complete line generalization using an altered version of the Visvalingam-Whyatt algorithm (Visvalingam and Whyatt 1993) with many modifications designed to maintain boundary smoothness, avoid topological conflicts and prevent over-reduction of small features.

4. Eliminate node wedges, which are narrow spaces lying where multiple feature edges intersect. This requires a separate step because the above line generalization operations are applied only to individual edges, which are boundaries that have exactly one or zero neighbors on each side in each feature class (e.g., a boundary between two census tracts, or a coastline between a census tract and the ocean). Step 3 above will therefore remove long narrow “inlets” that occur along a single edge, but will not remove such features if they lie between two connected edges. An example node wedge is labeled in Fig. 6 (W). Notice that in Fig. 7, the wedge has been collapsed. 
A critical component within each of these steps is the maintenance of correct topology, which requires additional operations to prevent intersections among generalized boundaries. A unique challenge for the NHGIS generalization system is that maintaining geometric and topological consistency requires modeling not just spatial relationships but temporal relationships as well. As with any polygonal lattice data, two neighboring polygons (e.g., two neighboring census tracts) should have an identical shared boundary, whether generalized or not. Generalization should not result in overlaps or gaps between neighbors. In addition, boundaries that are shared by different objects at different geographic levels (e.g., a census tract, county and state) should also be consistent after generalization. In the case of NHGIS data, we must also ensure that boundaries that are common across censuses are consistent after generalization. If the boundary between two tracts is identical in 1980, 1990 and 2000, then it should also be identical in the generalized data. Furthermore, if in 1970 a tract boundary ran next to but not across a 1980 tract boundary, then in the generalized data, this condition should remain true. In other words, the topological relationships between different census’s units should ideally be the same after generalization as they were before.

Figs. 6 through 8 illustrate how in generalizing the 1960 tract boundaries in Dane County, Wisconsin, the NHGIS generalization system also takes account of tract boundaries of other censuses. In the large map on the left in each figure, we can see how topological and geometric consistency is maintained among tracts of different censuses even after significant generalization.

Conclusion
This paper has provided an overview of the NHGIS generalization system for creating a multiscale database of historical census boundaries. The system’s key achievements are first, the ability to generalize a massive dataset automatically for any target scale over a broad scale range, and second, the maintenance of geometric and topological consistency among polygonal features at different levels of census geography and for all historical censuses.

The system currently has several limitations. First, it is generally slow. The base generalization of all census tracts in a single large state such as California or Texas requires more than a day of processing. The current system is therefore unsuitable for most on-demand or real-time applications. Also, selecting appropriate parameters and fine-tuning the quality of generalization has required focusing on small test areas that can be generalized in a relatively short period of time but may not represent all possible settings well. Second, the system does not directly implement any amalgamation, displacement or exaggeration operations. Instead, it may simply eliminate small neighboring islands when it may be more appropriate to amalgamate them, and it may simply eliminate narrow peninsulas when it may be more appropriate to exaggerate them. Overly narrow channels, isthmuses, and connections generally will remain too narrow unless other selection and simplification operations happen to widen or eliminate the narrow features. A third limitation is that the system is currently specialized for the NHGIS data model. A long-term research goal will be to address each of these limitations, developing a more computationally efficient system that effectively implements amalgamation, displacement and exaggeration and can be re-applied generically to a wide variety of hierarchical polygonal datasets.
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Figure 6. NHGIS census tract boundaries in Madison, Wisconsin, ungeneralized 
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Figure 7. NHGIS census tract boundaries in Madison, Wisconsin, generalized for a target scale of 1:100,000
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Figure 8. NHGIS census tract boundaries in Madison, Wisconsin, generalized for a target scale of 1:1,000,000
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