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Introduction

Effective use of GIS for map production requires a well designed cartographic data model. Cartographic data models are a formalization of the map’s design stored in the features and attributes of a GIS database. Cartographic data modeling requires a clear understanding of the maps to be produced and, in addition, the software used to produce the maps. Arranging information about the geographic features, attributes and map making processes in a systematic form (i.e., a data model) allows it to be shared and repurposed for other map making uses.
A cartographic data model is the codification of the geographic features, attributes and processes that produce a desired cartographic product or products through specified software. This includes specification of all geographic features and labels that will appear on the maps, and their symbology. It also includes any modifications to the database that allow the software to handle or process the data appropriately and efficiently in order to make the maps. Data models can be articulated in a variety of ways, though books of specifications, UML diagrams, organizational charts and more. Cartographic data models are articulated best in the map products that are created from them.
An advantage of cartographic data modeling is that it requires us to think analytically about map design and the map making process. In many cases, GIS users and novice map makers allow the software to drive the map design rather than harnessing the power of the software to effectively and efficiently execute a pre-conceived design (Buckley and Hardy, 2007; Buckley and Frye, 2005). Cartographic data models that reflect map design and software capabilities can and should influence the primary data capture and initial database compilation as well as subsequent update by assuring that the requirements for making all maps and data products are embedded in the database design (Buttenfield and Frye, 2007; Frye and Buckley, 2006). For example, maps often have names for physiographic features such as mountain ranges and valleys, but these features are not normally captured in geographic databases (Figure 1). For cartographic purposes only, it is useful to have polygonal outlines of the areas in which these names will appear (Buckley and Frye, 2006). Knowing that this is a mapping requirement at the outset allows it to be incorporated into the initial database design and allowances can be made for capturing these data.
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Figure 1. A portion of a 1:100,000 scale topographic map showing the GIS representation (as polygons) and the cartographic representation (as type) of several canyons in Southern California.
Perhaps the hardest thing to embody in the data model are the processes that the map maker uses to produce the final map design and product. In some cases, it is possible to translate the cartographer’s thinking directly into GIS data and sequences of software functions; other times the requirements are more elusive because it is difficult to formalize how a cartographer completes certain tasks. There are a number of reasons for this elusiveness, including the iterative and inexact nature of some map making tasks, the lack of attention historically given to codification of some map making tasks, difficulties in translating the tasks to their expression in a digital environment, and incomplete knowledge of the data and/or software required to complete the tasks.

Lessons Learned

We have learned many lessons about designing cartographic databases through development of best practices and case studies over the past ten years and more. The lessons relate to translating the map’s semantic model into a cartographic data model, using the data model to inform primary data capture, specifying the database requirements for type placement and feature symbology, leveraging the database in order to maximize the software capabilities, and identifying opportunities for automated map production. In this section, we detail some of the specific lessons and illustrate them through examples from various case studies.
The overall data modeling process starts with the desired map product, which is then translated into first the basic themes of information to be shown on the map or maps. The themes are then broken down into the building blocks for the maps and subsequently become the basic elements of the data model (Frye, 2006). Any uniquely symbolized or labeled graphic on a map is a primary element in the data model (Buckley, 2004). The model is then modified to take into account any special requirements for data handling and processing by the software. For example, polygons might have to be converted to lines so that a special labeling effect can be achieved. The robustness of the model is then checked – redundant or missing data are identified, and opportunities for data substitution are seized.
The maps drive the data model

The map is essentially a reflection of the data (information about the geographic environment stored in a recognizable form) and the tools that are used to manipulate the data (software functions and human interventions that refine the outputs) (Hardy and Kressman, 2005; Frye, 2006). Designing a data model to make maps without a specific product or products in mind can be an endless and ultimately fruitless task. Without the final map product as a litmus test, it is impossible to determine if the model is accurate and complete. Cartographic data bases need not be designed for single map products; multi-scale, multi-purpose databases are more desirable as they can be repurposed for the variety of products an organization is responsible for (Brewer and Buttenfield, 2006). The data should be modeled to suit the purpose and requirements of all the standard map and analytical products as well as to support efficient management of the products and production workflows (Frye, 2006). A fallacy about cartographic data models is that they should be able to support any map or analytical product that could possibly be imagined. This is not only impractical, it also leads to superfluous content or organization of the data model that may impact its efficiency for producing the products that are identifiable and required.
A complete inventory of the map features is required
A complete inventory of the features on the maps is required to inform many aspects of the data model (Buckley, 2004). This includes the graphic marks (points, lines, polygons) that are symbolized to represent geographic features, all labels, and any rasters or images. Any uniquely symbolized or labeled map feature is a primary element in the data model, because each must be assigned a specific symbol and/or label. Without the ability to categorize the data by their symbological requirements (including labeling), it is impossible to handle the appearance of each unique map feature. Often, these unique map features can be identified by inspecting the map products as well as any specifications for symbology and labeling that an organization may have. For example, we developed an inventory of all the unique map features on U.S. Geological Survey USGS) topographic sheet series at scales from 1:24,000 to 1:2,000,000 (Figure 2) through inspection of the maps and reference to the map compilation and data capture specifications (USGS, 2005).
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Figure 2. Portion of a diagram inventorying hypsographic points on all USGS topographic map products. 

This inventory allowed us a clear understanding of the types of features that needed to be in the GIS database and the rules required to symbolize and label them. It also allowed us to easily add or drop map features, and to group or separate them based on data handling requirements. This in essence becomes the semantic model for the map (Figure 3).
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Figure 3. The key indicates what characteristics were described for each map feature.

The semantic model is then translated into the cartographic data model by identifying the geographic features that are used to create the map features and endowing those features with the appropriate geometry and attribution to allow the software to render them appropriately. For example, a city may appear as a polygon at larger scales, a piece of text at a smaller scale, and a point at the smallest scales. Knowing that the geometry, symbology and labeling changes across scales allows three (in this case) representations of the single entity to be explicitly defined the data model. If an organization makes multiple map products, each of the products needs to be inventoried. Of course the data model should be flexible and extensible enough to absorb and reflect modifications to the map content or design at any time.

Semantic models do not have to be exhaustive in order to be complete

For this lesson, we return to the case study described for Figure 1, in which we defined polygonal extents that could be used at multiple scales for the labels of physiographic features. At the beginning of this exercise, we again inventoried the various types of physiographic features that appeared on the maps that the data model was designed to support (Buckley and Frye, 2006; Frye and Buckley, 2006). Our initial inventory included the physiographic features in Table 1.
· Badlands

· Bar

· Basin

· Bend, Land

· Bend, Water

· Bluff

· Butte

· Canyon

· Cape

· Carolina Bay

· Cliff

· Crater

· Delta

· Desert

· Dunes

· Escarpment

· Fault Zone

· Gap

· Hill

· Hills

· Incline Flow

· Incline Flow, Earthen

· Incline Flow, Lava

· Incline Flow, Rockslide

· Incline Flow, Slope

· Island

· Isthmus

· Landfall

· Lowlands

· Mesa

· Moraine

· Mountain

· Mountain Range

· Natural Arch

· Natural Bight

· Pass

· Peak

· Piedmont

· Pinnacle

· Plains

· Plateau

· Playa

· Promontory

· Ridge

· Saddle

· Terrace

· Uplands

· Valley

· Volcano, Active

· Volcano, Inactive

Table 1. Physiographic features inventoried for a cartographic data model.

We then realized that we had inventoried the geographic features rather than the map features. Many of these features types would receive the same labeling treatment on the map; therefore, it was not required that they be unique. None of the features would be symbolized using a graphic mark, or polygon, and the label for the feature along with the terrain depiction through hillshading and hypsometric tinting would constitute the mapped representation. We decided to reduce the data model to simply point and polygon physiographic features, since they clearly had different labeling requirements.
The data model is tailored to the software

Following on the previous lesson, we continued to work with physiographic features and considered that the labeling options for ArcGIS allowed us to refine the label placement for the features. However, to correctly identify the features that would have similar placement rules, we had to modify the data model to match the software requirements. The label engine for ArcGIS can use the shape and size of the feature to identify the optimal label placement. In order to take advantage of this software functionality, we enhanced the cartographic data model to contain attributes that explicitly defined the label requirements (Frye and Buckley, 2006; Frye, 2006). This resulted in the addition of the rotated minimum bounding rectangle (RMBR) for the feature, which was used to calculate the values for two added attributes:  the length-to-width ratio of the RMBR and the percentage of the RMBR that was occupied by the feature (Figure 4). Using these two attributes, five shape type classes were identified that were used to drive refined label placement rules.
[image: image4.png]



Figure 4. The rotated minimum bounding rectangle for a physiographic feature which is used to derive the “length-to-width ratio” and “percentage-of-area-filled” attributes that drive refined label placement rules in the software.

This is but one example of leveraging the database in order to maximize the software capabilities and identifying opportunities for automated map production. The primary requirement for being able to do this is to know what the software can do and how the data need to be modeled in order for them to be handled (Buckley, Richards and Barnes, 2006; Punt et al, 2006; Buckley and Hardy, 2007; Brewer and Frye, 2005). This can be a challenge for cartographers who have traditionally used illustration and graphics software and are nascent to GIS use. Even seasoned GIS users can find it challenging to stay informed about software enhancements and changes in functionality in more recently released versions.
The cartographic data model informs the primary data compilation

Knowing the data and software requirements leads to informed recommendations for primary data capture (Frye, 2006). Rather than retrofitting the data to allow for cartographic presentation, it is more efficient to capture the geometry and attributes required for mapping at the outset. A case study that demonstrates this lesson involves the digitization or modification to digitization of hydrological features in the Boise, Idaho area (Figure 5).
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Figure 5. Portion of a map showing the original hydrological data designed for map use at 1:5,000 (red) and the generalized data (blue) for use on a map at 1:20,000. Detail was reduced by eliminating small features and substituting linear polygons with their centerlines.
In this study, the goal was to develop a cartographic database that would support the production of maps at multiple scales (Brewer and Buttenfield, 2007). This required digitizing the stream centerlines so that they could be substituted for the polygons at smaller scales. It also involved splitting the polygons where they would connect to the replaced centerlines. An example is the connection of the main river polygon with the centerline that was substituted for the complex pink polygons in the river bend at the right in Figure 5).

Conclusion
Data modeling assures that you have your data in the right format, relative to the software capabilities, to make the maps you need to make. Cartographic data models enhance more typical GIS data models developed to support data inventory and analysis so that they can also allow for the production of maps. It is hard to conceive of GIS data that does not ultimately present itself as a candidate for mapping; therefore, cartographic data modeling should be undertaken for any GIS database design.

In summary, cartographic data modeling elevates control of the design to more than just “coping with the data” – it allows for intelligent and informed product-driven design, and its impacts extend beyond map production. Cartographic data modeling requires that you know what you want to do with you data (that is, what maps you want to make), and it requires that you know what the software can do with the data. It also requires that you know the data – how they were captured and how they can be used or modified for map making, or not!  Data models should be flexible and extensible – allowing for the additional of new map products, new delivery mechanisms (e.g., the Web) and new mapping capabilities and techniques.
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