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Introduction
Maps are an important part of censuses and surveys.  The U. S. Census Bureau requires paper maps and electronic map files to support these national efforts, including the forthcoming 2010 Decennial Census.  Depending on the census operation, maps perform a variety of functions.  Maps provide a way for census takers to locate their assignments; navigate to them; and record updates to features, boundaries, and addresses.  The U.S. Census Bureau also creates maps that relate census geography to statistical data.
The agency designs and produces millions of unique paper maps to support approximately thirty different census operations.  Many operations are short term and a few involve over 100,000 temporary enumerators.  A compressed operational schedule, coupled with high volume map production, requires a non-interactive mapping process.  In this environment, a computer performs all cartographic functions.  A recently redesigned spatial database has led to the design of a new fully automated mapping system that makes sound cartographic decisions, similar to ones made by a professional cartographer, to assemble and display all of the familiar components that make a map.  The system makes these decisions based on the extents of unique geographic entities, such as a city, and operation-specific content.
This paper describes U.S. Census Bureau map requirements, the rationale for the current automated mapping approach, a description of the map production methodology, and issues associated with a comprehensive large mapping process.
Map Requirements
For 2010, the U.S. Census Bureau will deploy handheld computers in the two largest field operations to take advantage of GPS technology and reduce the scale of manual digitizing operations.  The Census Bureau will create paper maps for the remaining operations.  In addition to small format, page-size maps, field managers use large format maps to manage assignments and track employee progress.  These maps provide an overview of large areas and hang in local census offices (LCO).  Supervisors will always need large format paper maps to manage census field operations.
Factors such as a high volume of maps, a variety of map types with diverse design requirements, and a short operations schedule, collectively contribute to a map preparation process that prevents census cartographers from performing any interactive map editing.  In most cases, complete automation is required.

The U.S. Census Bureau will produce several million unique maps to support the decennial census.  Census cartographers design maps for three audiences: field staff, geographic program partners, and the public.  Maps for census field staff are for internal use only.  Field staff includes enumerators who collect data and update the U.S. Census Bureau’s database of geographic features and associated attributes.  Geographic program partners including local, state, and tribal governments help correct and update the agency’s spatial database.  The public includes private companies, community planners, other government agencies, and general data users.  Maps for the public complement census data tabulations, and help users relate the statistics to the geography.
Most of the maps census cartographers produce support the field staff.  Enumerators and other U.S. Census Bureau field workers use these maps to navigate to their assignments, locate housing units, and capture feature updates.  Accomplishing updates requires a map scale that allows adequate space.  Field workers use maps in their cars and while walking, which means they must also be a manageable size.
Local, state, and tribal Governments participate in several geographic programs to update the Census Bureau’s database.  Participants may choose to provide information electronically using Census Bureau provided software and data or their own software.  However, some partners still prefer to provide their data on paper maps.
Computing Environment
The U.S. Census Bureau has recently migrated from a custom-built, in-house spatial database, called TIGER, to a commercial Oracle Spatial database now called MAF/TIGER because it also incorporates the Census Bureau’s Master Address File (MAF).  TIGER still refers to the spatial portion of the database.  The current data model enables new functionality and capabilities, but also renders existing mapping software obsolete.  Cartographers must design a new system to accomplish the agency’s mapping. 
The Search for Mapping Software
The U.S. Census Bureau offered their mapping system requirements to commercial Geographic Information System (GIS) vendors who then demonstrated how their software might be able to meet those requirements.  During their research, cartographers tested commercial GIS software packages using census requirements and concluded that no single commercial software solution they examined met all of the agency’s needs.  The consulted companies had a selection of the required tools, but no single software solution would meet all of the agency’s requirements.  One of the major obstacles was interacting with Oracle topology, which is the cornerstone of the U.S. Census Bureau’s improved MAF/TIGER database.  Based on these results, cartographers decided to develop and integrate a variety of commercial tools into one unified mapping system.  The tools include commercial software for geospatial database and analysis functions, text placement, and file conversion.  In-house developed programs complement the commercial software and bind components together into a single mapping system.
Database Information

The U.S. Census Bureau’s MAF/TIGER database constantly changes.  New roads, physical features, census area boundaries, address information, and other data are regularly added, deleted, or modified in both batch and interactive processes.  Since product creation requires a stable database, the agency takes a snapshot of the live database and runs a number of processes to validate the data.  These processes check for compliance with business rules and confirm data consistency to create a clean copy of the database.
Additionally, a separate cartographic database extends and reorganizes tables from the snapshot of the original database in order to make the mapping application more efficient.  Constructed for the entire nation prior to any map creation, the cartographic database optimizes the spatial data to suit a wide variety of map types and requirements.

Cartographers reorganize the database in one way by creating chained features.  For example, all of the physical features in TIGER end at county boundaries.  Therefore, if the mapping system needs to show a park that crosses a county line, another process must first join the two pieces together to form a single feature.
The cartographic database also stores boundary information on lines for both symbolization and labeling purposes.  This boundary information includes relationship tables for coincident geographic area boundaries, and information about what type of geography is on the left and right side of a feature.  The mapping system uses this information to place alternating boundary symbols where multiple boundaries coincide, and to label areas along their boundaries.
Grouping features into classes allows the mapping system to symbolize similar features in the same way.  Grouping thus creates new attribute information.  For example, the cartographic database creation program adds major and minor road categories and groups different types of railroads together.  It also adds some new feature classes like a coastline, built from hydrographic boundaries, graticules for reference, and foreign land for drawing maps that include areas adjacent to the nation’s border.
How the Mapping System Makes Decisions 

Before map production can begin, a cartographer must create a detailed list of parameters that define a particular type of map.  The cartographer records the map description in several Oracle tables that the mapping software can access.  For example, when a user instructs the mapping system to “create a Boundary and Annexation Survey Update Map for Loudon County, Virginia,” the software looks in the parameter tables to determine what is included in a Boundary and Annexation Survey Update Map.  The software then retrieves the outline of Loudon County, Virginia from the spatial database and begins map creation.  
The mapping system has six major components: parameter tables, scale determination, inset determination, sheet configuration, text placement, and marginalia.

Parameters
Map parameters regulate the mapping process.  Parameter tables contain the same data that guides the thought process of a human cartographer when building a map.  The parameter tables contain information about map content, symbolization, and format.

Map content information tells the program which features to show on the map, including the appropriate vintage of those features.  TIGER stores historical versions of geographic area boundaries, so it is important to identify which version the mapping system should depict based on the specific map requirements.  Symbolization tables store information about how the cartographer wants to depict the features and text on the map, including color, line weight or style, area fill pattern or screen, fonts and text sizes.  Format information included in the parameter tables outlines how the software should organize the map elements on the page.  These tables include specifications such as the label placement preferences, draw order, sheet size, scale limitations, and marginal information specifications.
Once the user passes an entity and parameter set or map type to the mapping software, the construction of the map begins.  The software first sets the dynamic elements of the page layout, the map scale and the arrangement of the map image on one or more pages or sheets.  The software examines the subject area and one or two predetermined feature types to calculate density of features or text placement conflicts.  The program determines the primary map scale based on that examination.  Next, it tests different sheet configurations to find the best arrangement, followed by identifying feature clusters where inset maps may be required.

Scale Determination

Initially, the mapping program automatically determines the appropriate scale.  The software uses either label or feature proximity as a density assessment to establish the best scale for a particular mapped entity.  The cartographer designates which scaling algorithm the software should use depending on the primary purpose of the map.

To set the scale based on label placement, the map designer designates a feature class in the project’s parameter file.  The program determines the scale at which most labels fit inside or along their associated feature.
For the software to choose the best scale based on polygon label placement, it needs to know on which set of polygons the map designer wants to base the scale.  The cartographer includes this information, together with the font style and size for labels, in the project’s parameter tables.  The label text for the polygons are stored in the Oracle database.  The process begins with small scales and iterates to larger scales.  The software examines the designated features in the subject area and determines the minimum bounding rectangle of each text string.  It then calculates the text string’s area and compares it to the area available for the label.  If the text string is larger than the available area, the software examines the text at the next larger scale in the list until all or most of the labels have smaller areas than their associated feature.

Scaling based on point feature proximity works in a similar way.  The cartographer usually chooses a layer of polygon centroids or structure locations as the basis for this type of scale determination.  The software determines the scale by finding each point’s nearest neighbor (which is recorded in the cartographic database), and measuring the distance between the points.  In this case, the map designer designates the minimum distance between points.  The algorithm selects the scale at which each point is at least the designated distance from the nearest point. 

Inset Determination

When the software detects clusters of dense features, insets or enlargements may be required.  The software finds dense areas based on polygon or point feature proximity.  The example in figure 1 shows the need for an inset sheet to complete the detail on a road map.  Notice the shaded area around a cluster of short streets outlining the inset area.  The inset map is just a small portion of the parent sheet, enlarged to a more legible scale.
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	Figure 1.   When a map contains a dense cluster of features that cannot be labeled at the chosen scale (left), an inset map (right) containing enlarged features is created to supplement the smaller scale map.

 


The insetting algorithm finds dense clusters of polygons or points by centering a small box over each point or polygon centroid in the map area, and then counting the number of points that fall within that box.  If that number exceeds a predetermined density threshold, the software marks all the points in the box as dense.
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	Figure 2.  On the left, only one centroid falls inside the dashed box.  This polygon is not part of a dense area.  On the right, five centroids fall inside the dashed box.  These polygons are part of a dense area.
 


 Once it has tested all the points in the map area, the program attempts to smooth out the inset area and see if it can combine adjacent clusters.  The algorithm does this by building a convex hull around each group of polygons or points.  Oracle has a built in function to create convex hulls, which works something like placing a rubber band around each cluster.  Based on a smooth cluster outline, the program checks to see if any of the clusters touch.  If they do, it will combine them into a single inset area.
Sheet Grid Configuration

If map scale requires more than one page or sheet to cover the subject or inset extent, the computer needs to determine how to divide the map.  Sheet configuration involves the optimum placement of an index grid over the subject area.  The software looks for the configuration that yields the fewest number of sheets.
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	Figure 3.  Of the three sheet configurations shown above, the one in the center yields the fewest number of map sheets.
 


Figure 3 illustrates how the sheet configuration process works.  The computer centers an index grid over the projected subject area at the chosen map scale and counts the resulting number of map pages.  The software then moves the subject area to the upper left hand corner of the index grid and counts again.  In this example, the grid consists of a series of square map windows; however, sometimes maps require rectangular map windows.  The computer attempts ten different arrangements to obtain the fewest possible number of map sheets for square map windows, while rectangular sheets use eighteen different grid configuration checks.

Iterative Inset Check

If the software finds dense areas during map configuration, the computer can attempt to reduce the number of sheets further by determining the sheet configuration at different scales and comparing the results.
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	Figure 4.  A configuration at one scale (left) yields seven main map sheets and four inset sheets.  Checking the configuration of the same area at a larger scale (right) eliminates the need for the inset sheets, lowering the total number of pages required.

 


The cartographer provides a list of acceptable scales in a parameter table, for example, 1:15,000, 1:20,000, 1:24,000, 1:30,000, etc.  Imagine that the first time through, the scaling algorithm results in a scale of 1:24,000, and the sheet configuration routine delivers seven main map sheets with four clusters enlarged on inset sheets (see figure 4).  The 1:24,000 scale results in 12 total pages for this imaginary subject area (including an index map sheet).

The software records this information and runs the sheet configuration routine at a scale of 1:20,000 to see if the new scale reduces the total sheet count by dropping inset sheets.  The right side of figure 4 shows the result.  In this case, the change in scale eliminated the need for the inset sheets, resulting in a map with only 11 total pages.
In this example, the computer compared the two results and chose the scale that produced the smallest number of sheets.  If the new configuration contained any inset sheets, the algorithm would try the next larger scale to see if insets could be dropped without adding to the total number of sheets.
Clipping and Symbolization

Once it determines an appropriate sheet layout, the mapping system gathers the geometry of all the layers that will appear on the map and clips it to each map window.  The software retrieves the geometries from the Oracle database, projects them, and clips the data based on the coordinates of the map window determined during sheet configuration. 
The clipping process leaves the software with only the exact features it needs to create a single map sheet.  The software uses the symbol definitions stored in the parameter tables along with the geometric positions of features determined during clipping, to create an ASCII file representation of marks on the page.

Text Placement

In the next phase of the mapping process, the software determines label placement.  Clearly and unambiguously identifying features with labels is one of the most challenging aspects of fully automated map production.

For the past two decades, the U.S. Census Bureau has been a leader in the development of text placement software.  This software analyzes the white space available on the map, and then cycles through a wide array of label placement options based on a set of cartographic instructions.  The decisions closely mimic the decision making process a human cartographer goes through when performing label placement interactively.  During a census operation, cartographers do not have enough time to interactively edit the extraordinarily large volume of unique maps being produced.  A completely automated approach is the only solution.  The text placement software provides the control and flexibility required for all types of census maps.

The automatic text placement routine collects statistics about how it places labels.  By examining the statistics file, the system can determine if any labels were left off or forced onto the page, possibly resulting in a vague or cluttered map.  The software examines this file and reruns the map layout at a larger scale to enable more appropriate text placement, if necessary.
Marginalia

Placing the labels completes the representative portion of the map.  The software next creates the marginal elements of the page or sheet including a scale bar, north arrow, sheet number, bar code, map date, and legend.  If a static legend is appropriate for a map series, the cartographer creates a legend once and the software simply inserts the legend file into each map sheet, or delivers the legend as a separate product.  Since certain types of geography, such as Consolidated Cities, are unique to only a few location in the United States, a map design which includes these areas may require a dynamic legend on each map, showing only the features relevant to the map in question.  The software must provide both static legends, which are the same for every map, as well as dynamic legends, which change according to the map content.
Quality Control

Automating map creation is complex.  While cartographers try to balance all the census operational requirements in the map design, it is still possible for the software to produce a poor quality map due to a number of factors, such as the geometry of the selected map content.  The software attempts to detect unacceptable quality using automated quality checks within the system.  The quality control function examines the number of map sheets, map scale, and text placement results and determines if they exceed specified thresholds.  If unacceptable results are found,  the software attempts different scales or text placement routines to remedy problems.  If the system finds a problem it cannot fix within the confines of the map design parameters, it creates the map and flags it for a visual review. 

Metadata

Throughout the process, the software captures metadata that describes each map, and each map sheet.  The U.S. Census Bureau uses the metadata to track production and control the distribution and printing of each map.  The agency also distributes metadata to provide detailed information about each map sheet, and to facilitate locating a particular map or map sheet through automated search engines.

The automated map creation system collects attributes about each map including the number of pages, map scale, projection (for digitizing), map window coordinates, subject entity, date produced, and type of map.  The program collects specific metadata about the layout of the map so that cartographers can use those parameters for problem resolution and future projects.  If cartographers are making a map that is similar in design to a previous map that worked well, they can reuse the layout information, thus bypassing the complicated and time-consuming automated scale determination and sheet configuration process.  They can then rely on the text placement quality check to locate places where the geography has changed so significantly that the map layout needs revision.
Software

Parameter files that direct the software are stored in Oracle tables.  The software performs spatial functions using SQL statements tied together with Oracle’s PL/SQL language.  The file creation process depends on the Perl language running in the Linux operating system.  Perl also drives the creation of marginal elements.  A C program performs the text placement and a Perl script controls the entire process.  The software uses an ASCII file format to store map descriptions and a C program converts that file to postscript format.  Adobe’s Distiller product converts the postscript files into Portable Document Format (PDF), which is the final map format. 
Conclusion
Producing millions of unique maps within a limited amount of time precludes the professional delight of interactively designing and producing effective map products.  In its customized mapping system, the U.S. Census Bureau employs automated computer algorithms that perform traditional cartographic functions such as scale determination, feature density assessment, inset area identification, map sheet layout configuration, text placement, integrated quality control, parameter driven symbolization, and specifically formatted output.  The new system creates many unique maps with different scales and sheet configurations, each one optimized for a particular area of interest, quickly, and without any interactive editing.
Maps are a critical component of a census.  Their use ranges from planning a national census to locating a respondent’s housing unit.  U.S. Census Bureau cartographers are designing and developing a system to meet the cartographic requirements of the 2010 census.
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