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Abstract.  The modern origins of Analytical Cartography largely began with the work of Waldo Tobler in the 1960s, although one can trace ancient roots of the field to the 5th Century BC when map projections were invented by the ancient Greeks.  Tobler's primary goal is to "solve cartographic problems" in a quantitative/analytical way in order "to capture this theory".  From that scientific beginning point, Tobler and many colleagues have worked to expand the conceptual base of Analytical Cartography to what it is at the present time.

The fundamental origins of Geographic Information Systems (GIS) began under the leadership of Roger Tomlinson, Duane  Marble, A. Raymond Boyle in the 1960s, who led this work under the banner of spatial data handling.  Mike Goodchild worked to expand the conceptual notion of GIS in the 1990s to include a heavier emphasis on spatial theory and analysis.  During this effort he coined the name of Geographic Information Science (GISci) to recognize this scientific extension of the field.

In an examination of the fields of Analytical Cartography and GIScience at a very general level, it becomes clear that they are each composed of some mix of Geography, Cartography, Mathematics, Computer Graphics and Image Analysis.  This broad insight shows them to be similar at the most general level.

This work will first examine Analytical Cartography and GIScience in terms of the GIScience Body of Knowledge at a very general level.  Then it will identify commonalities and touching points between the two fields that illustrates the conceptual relationships between them.
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1. Introduction
Over the last few years, many leaders of the International Cartographic Association have sought to strengthen linkages between Cartography and Geographic Information Science (GISci) as a way to enrich both fields.  This was characterized by William Cartwright (2011) when he said that this linkage was "...to help widen the Cartographic/GIScience knowledge base and skills into new segments of society...".  As such they are both part of the larger field of Spatial Science.
Both Analytical Cartography and GIScience are fundamentally a mix of the five areas of Geography, Cartography, Mathematics, Image Processing and Computer Graphics, and can be seen as a mix of these fields as conceptualized as a Venn diagram.  Although Analytical Cartography and GIScience had origins in rather different ways, with different histories and different development paths, they still have many commonalities because they draw most of their content and from these fundamental fields, and their subareas.  
2. The Development of Analytical Cartography and GIScience
In order to better understand the contributions of Analytical Cartography to GIScience, one must first understand the historical development of both fields.
2.1. Early Development of Analytical Cartography
The modern origins of Analytical Cartography largely began with the work of Waldo Tobler in the 1960s (Tobler, 1961), although one can trace ancient roots of the field to the 5th century BC when map projections were invented by the ancient Greeks.  Tobler's initial primary goal was to "solve cartographic problems" in a quantitative/analytical way.  With time his view of this goal matured to a point where the essence of his work was "to capture this theory"(Tobler, 1976). 
With an overview of his work, one can see several major threads of his theoretical work:

* 2-D Coordinate Map Transformations

* Cartograms

* Spatial Frequencies, Filters & Neighborhoods

* Volumetric Pycnophlactic Transformations

* Resolution Elements - Resels

* Irregular Neighborhood Operators

From that scientific beginning point, Tobler and many colleagues have worked to expand the conceptual and scientific base of Analytical Cartography to what it is at the present time.
2.2. Early Development of GIS
The fundamental origins of Geographic Information Systems (GIS) began in the 1960s under the leadership of Roger Tomlinson, Duane  Marble, A. Raymond Boyle, who led this work under the banner of spatial data handling.  At that time the general components of GIS involved:
* Data Capture

* Spatial Data Structures

* Algorithm Development

* System Development

* Hardware Considerations

* Data Processing and Analysis

These fundamental topics continued to evolve and develop as the field of GIS continued to grow.
2.3. More Recent Developments of Analytical Cartography
An overview of the field of Analytical Cartography and conceptual topics in it can be found in a special issue of Cartography and Geographic Information Science (Moellering, ed. 2000a) on "The Nature of Analytical Cartography".  A more specific article by Moellering (2000b) in that issue examines and discusses the scope and conceptual content of the field of Analytical Cartography in some detail.  His article identifies more than 20 conceptual topics with 200 supporting scientific references to the literature in the field.  Much of the fundamental theory comes from the five broad scientific fields cited above in the Venn Diagram, all of which are utilized in cartography and in spatial science.  A partial list of these topics can be seen as:

* Geographical Map Transformations

* Real/Virtual Map Transformations

* Deep & Surface Structure

* Nyerges Data Levels

* Spatial Primitive Objects

* Topological Data Structures

* The Sampling Theorem

* Spatial Semantics & Ontology

* Spatial Neighborhood Operators

* Spatial Frequencies

* Spatial Fourier Theory

* Spatial Information Theory

* Spatial Fractal Theory

* Critical Surface Features

* Warntz Networks

* Polygon Overlay Analysis

* Irregular Neighborhood Operators

* Resolution Elements - Resels

* Volumetric Pycnophlactic Transformations

* Map Generalization - 1,2,3-D

* Shape Analysis

* Spatial Data Models

* Analytical Visualization

* Spatial Data Standards
These 20 plus topics can be associated with module elements that are listed in the GIScience Body of Knowledge.
2.4. More recent Developments of GIScience
The early decades of GIS can be seen as primarily devoted to spatial data handling.  But early in the 1990s, leaders in the field such as Michael Goodchild (1990), saw a distinct need to bring in and develop more analytical concepts and theory in GIS. He made a call to colleagues at the Spatial Data Handling meetings in Zürich that year, where he wrote:

The papers at this conference address a set of intellectual and scientific questions which go well beyond the implications of its title.  The paper reviews the topics which might be included in a geographic information science.  Research on these fundamental issues is a better prospect for long term survival and acceptance in the academy than development of technical capabilities.

He proceeded to discuss the following fundamental topics for a prospective field of Geographic Information Science that included:

* Data Collection & Measurement

* Spatial Statistics

* Theories of Spatial Data

* Data Structures, Algorithms & Processes

* Display

* Analytic Tools.

As work progressed, a wealth of concepts and theory were brought in from the outside, expanded, focused, developed, and utilized in the field.  During this time the field began to call itself Geographic Information Science (Goodchild, 1992).  Many in the field responded to his challenge, and the name GIScience, along with its broadened horizons, became established in the field.  It has continued to flourish scientifically.

By the early 2000s, members of the University Consortium for Geographic Information Science began to feel the need to more systematically catalog the various research topics and technical activities that are part of GIScience.  After several years of work these topics and activities have been collected, reviewed, and collated into the UCGIS Geographic Information Science & Technology Body of Knowledge (DiBiase, et.al. 2006).  Eight broad categories of science and technology have emerged as constituting the heart of GIScience:

* Analytical Methods

* Conceptual Foundations

* Cartography & Visualization

* Design Aspects

* Data Modeling

* Data Manipulation

* Geocomputation

* Geospatial Data.

  (Two organizational categories have been omitted from this discussion as Analytical Cartography and GIScience have varying societal, organizational and institutional characteristics.)

In the UCGIS Body of Knowledge these eight broad scientific and technical topics encompass about 60 more specific topics, that in turn include about 250 detailed topics that are relevant to GIScience.
3. The Contributions of Analytical Cartography to GIScience
At the outset one should recognize contributions of standard cartography to GIScience.  Beyond the Cartography and Visualization module, many concepts from standard cartography such as coordinate systems, map projections, etc. are referenced in other modules in the GIScience Body of Knowledge.  
One can discuss the wealth of contributions that Analytical Cartography has made to GIScience by comparing the twenty plus topics with the remaining seven modules in the GIScience Body of Knowledge. They will be discussed in a logical order.
3.1. Cartography and Visualization
At the outset, one must note the large contribution that standard cartography as a whole has made to GIScience is the module on Cartography & Visualization. This module includes a large number of concepts from standard cartography.  Many relate to data symbolization and perceptual aspects of the visualization process of various kinds of real and virtual maps. This is a set of concepts and technologies that GIS cannot live without, because visualization must be utilized at many points in the data collection, processing, analysis and reporting process.
3.2. Conceptual Foundations
Here Analytical Cartography has made large contributions to the space, time and attribute properties of geographic information, and the relationships between them.  It has also made contributions to elements of geographic information.
Standard cartography has made large contributions to cognitive and social foundations and the domains of geographic information, with contributions also to philosophical foundations of the field.
3.3. Geospatial Data
Analytical Cartography has made major contributions to spatial data standards, metadata and Spatial Data Infrastructure (SDI).  It has also made substantial contributions to earth geometry, land partitioning systems, georeferencing systems, and data quality.  It has also made contributions to datums, map projections, and image interpretation.
Standard cartography has made contributions to earth geometry, map projections, georeferencing systems, data quality, vector data extraction, land partitioning systems, and vector data extraction.
3.4. Data Modeling
Here Analytical Cartography has made contributions to vector and object data models, tessellation data models, and basic storage and retrieval models.  It has also made significant contributions to 3-D modeling and to spatio-temporal modeling.  
3.5. Analytical Methods
Analytical Cartography has made a myriad of large contributions to analytical approaches, geometric measures, basic analytical methods, analysis of surfaces, spatial filtering, spatial sampling for statistical analysis, network analysis and spatial statistics.  Standard cartography has also made contributions to various kinds of geometric measures.
3.6. Data Manipulation
Here Analytical Cartography has made major contributions to representation transformations via various interpolation models, and coordinate transformations.  Both Analytical Cartography and Standard cartography have also made large contributions to generalization and aggregation.  Standard cartography has also contributed to coordinate transformations as well.
3.7. Geocomputation
In this module Analytical Cartography has made contributions to uncertainty and to pattern recognition.
3.8. Design Aspects
Analytical Cartography has contributed to analysis design in the way that various practitioners have implemented their analytical procedures into various spatial systems.
4. Summary and Conclusion
It can be seen from this discussion that modern Analytical Cartography under the leadership of Waldo Tobler has had the goal of developing spatial theory and concepts since its modern inception.  In its early development GIS emphasized spatial data handling and the technical challenges associated with those efforts.  However, in the 1990s Michael Goodchild pointed out the need to develop analytical theory in GIS, and renamed the field Geographic Information Science (GIScience).  

With the recent development of the UCGIS Body of Knowledge for GIScience and its detailed list of conceptual modules in the field, one can then begin to match up the topic areas from Analytical Cartography with those of GIScience.  It turns out that there is a substantial correspondence of the topics in Analytical Cartography listed above with the topic subject matter areas listed in the GISCience Body of Knowledge.  

This work demonstrates a great number of commonalities between Analytical Cartography and GIScience.  It also shows that Analytical Cartography has made a large number of contributions of conceptual theory to GIScience.
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