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Abstract:

The U.S. Department of Labor has identified Geotechnology as one of three mega
technologies for the 21 century noting that it will forever change how we will conceptualize,
utilize and visualize spatial information. Of the spatial triad comprising Geotechnology (GPS,
GIS and RS), the spatial analysis and modeling capabilities of Geographic Information
Systems provides the greatest untapped potential, but these analytical procedures are least
understood. This paper develops a conceptual framework for understanding and relating
various grid-based map analysis and modeling procedures, approaches and applications.
Discussion topics include; 1) the nature of discrete versus continuous mapped data; 2) spatial
analysis procedures for reclassifying and overlaying map layers; 3) establishing
distance/connectivity and depicting neighborhoods; 4) spatial statistics procedures for surface
modeling and spatial data mining; 5) procedures for communicating model logic/commands;
and, 6) the impact of spatial reasoning/dialog on the future of Geotechnology.
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This paper presents a conceptual framework used in organizing material presented in a graduate course
on GIS Modeling presented at the University of Denver. For more information and materials see
http://www.innovativegis.com/basis/Courses/GMcourseQ9/.
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1.0 Introduction

Historically information relating to the spatial characteristics of infrastructure, resources and
activities has been difficult to incorporate into planning and management. Manual techniques of
map analysis are both tedious and analytically limiting. The rapidly growing field of
Geotechnology involving modern computer-based systems, on the other hand, holds promise in
providing capabilities clearly needed for determining effective management actions.

Geotechnology r e f e ramy tethaological application that utilizes spatial location in

visualizing, measuring, storing, retrieving, mapping and analyzing features or phenomena that
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and Nanotechnology (Gewin, 2004). As depicted in the left inset of figure 1 there are three
primary mapping disciplines that enable Geotechnologyd GPS (Global Positioning System)
primarily used for location and navigation, RS (Remote Sensing) primarily used to measure and

classify the earth 6 s

¢ 0 V&S (Geographdc Information Systems/Science/Solutions)

primarily used for mapping and analysis of spatial information.

The interpretation of the fS0in GIS varies from fiSystemsowith an emphasis on data
management and the computing environment. A fiSciencedfocus emphasizes the development
of geographic theory, structures and processing capabilities. A fSolutionsoperspective

emphasizes application of the technology within a wide variety of disciplines and domain

expertise.
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Geotechnology - one of three ‘mega-technologies” for the 21% Century

~Global Positioning System (Location and navigation)
~Remote Sensing (Measure and classify)
Geographic Information Systems (Map and analyze)

—70s Computer Mapping (Automated cartography)
~ 80s Spatial Database Management (Mapping and geo-query)
90s Map Analysis (Spatial relationships and patterns)

~Spatial Analysis (Geographic context)
Reclassify (single map layer; no new spatial information)
Overlay (coincidence of two or more map layers; new spatial information)
Proximity (simple/effective distance and connectivity; new spatial information)
Neighbors (roving window summaries of local vicinity; new spatial information)

Spatial Statistics (Numeric context)
Surface Modeling (point data to continuous spatial distributions)
Spatial Data Mining (interrelationships within and among map layers)

Figure 1. Overview organization of components, evolution and types of tools defining Map Analysis.

Since the 1960s the decision-making process has become increasingly quantitative, and
mathematical models have become commonplace. Prior to the computerized map, most spatial
analyses were severely limited by their manual processing procedures. Geographic information
systems technology provides the means for both efficient handling of voluminous data and

effective spatial analysis capabilities. From this perspective, GIS is rooted in the digital nature

of the computerized map.

Whil e todayos

Earth, internet mapping, web-based services, virtual reality, etc.), the early 1970s saw

computer mapping as a high-tech means to automate the map drafting process. The points,
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lines and areas defining geographic features on a map are represented as an organized set of
X,Y coordinates. These data drive pen plotters that can rapidly redraw the connections at a
variety of colors, scales, and projections. The map image, itself, is the focus of this automated
cartography.

During the early 1980s, Spatial database management systems (SDBMS) were developed
that linked computer mapping capabilities with traditional database management capabilities. In
these systems, identification numbers are assigned to each geographic feature, such as a
timber harvest unit or sales territory. For example, a user is able to point to any location on a
map and instantly retrieve information about that location. Alternatively, a user can specify a set
of conditions, such as a specific vegetation and soil combination, and all locations meeting the
criteria of the geographic search are displayed as a map.

As Geotechnology continued its evolution,- the 199
gueryo sear ches o toineestigativie Mapinatlyais. oday,sness GIS

packages include processing capabilities that relate to the capture, encoding, storage, analysis

and visualization of spatial data. This paper describes a conceptual framework and a series of

techniques that relate specifically to the analysis of mapped data by identifying fundamental

map analysis operations common to a broad range of applications. As depicted in the lower

portion of the right inset in figure 1, the classes of map analysis operations form two basic

groups involving Spatial Analysis and Spatial Statistics.

Spatial Analysis extends the basic set of discrete map features of points, lines and polygons to

surfaces that represent continuous geographic space as a set of contiguous grid cells. The

consistency of this grid-based structuring provides a wealth of new analytical tools for
characterizing ficontextual spati al relationships,
connectivity and micro-terrain analysis. Specific classes of spatial analysis operations that will

be discussed include Reclassify, Overlay, Proximity and Neighbors.

In addition, it provides a mathematical/statistical framework by numerically representing

geographic space. Whereas traditional statistics is inherently non-spatial as it seeks to

represent a data set by its typical response regardless of spatial patterns, Spatial Statistics

extends this perspective on two fronts. First, it seeks to map the variation in a data set to show

where unusual responses occur, instead of focusing on a single typical response. Secondly, it

can uncover Anumerical spatial relationshipso wit
generating a prediction map identifying where likely customers are within a city based on

existing sales and demographic information. Specific classes of spatial statistics operations that

will be discussed include Surface Modeling and Spatial Data Mining.

By organizing primitive analytical operations in a logical manner, a generalized GIS modeling

approach can be developed. This fundamental appro
algebracdemat iiora® i n which entire maps are treated
1979; Berry, 1985; Tomlin, 1990). In this context, primitive map analysis operations can be

seen as analogous to traditional mathematical operations. The sequencing of map operations is

similar to the algebraic solution of equations to find unknowns. In this case however, the

unknowns represent entire maps. This approach has proven to be particularly effective in

presenting spatial analysis technigues to individuals with limited experience in geographic

information processing.



2.0 Nature of Discrete versus Continuous Mapped Data

For thousands of years, points, lines and polygons have been used to depict map features.
With the stroke of a pen a cartographer could outline a continent, delineate a highway or identify

a
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drafting of spatial data has been replaced by the cold steel of the plotter.

With the

In digital form, mapped data have been linked to attribute tables that describe characteristics
and conditions of the map features. Desktop mapping exploits this linkage to provide

tremendously useful database management procedures, such as address matching, geo-query
and network routing. Vector-based data forms the foundation of these techniques and directly

builds on our historical perspective of maps and map analysis.

advent

Grid-based data, on the other hand, is a less familiar way to describe geographic space and its
relationships. At the heart of this procedure is a new map feature that extends traditional

irregular discrete Points, Lines and Polygons( t er me d

map Surfaces.

The top portion of figure 2 shows an elevation surface displayed as a traditional contour map, a

Aspa)it@od

superimposed analysis frame and a 2-D grid map. The highlighted location depicts the
elevation value (500 feet) stored at one of the grid locations. The pop-up table at the lower-right

shows the values stored on other map layers at the current location in the Analysis Frame. As
t he

cur sor

instantly updated.

A Grid Map consists of a matrix of numbers with a value
indicating the characteristic /condition at each grid cell
location forming a geo-registered set of Grid Map Layers

or “Map Stack”
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Figure 2. Grid-based map layers form a geo-registered stack of maps that are pre-conditioned for map
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Extending the grid cells to the relative height implied by the map values at each location forms

the 3-dimensional plot in the lower-| ef t porti on of the figure. The
depicts the peaks and valleys of the spatial distribution of the mapped data forming the surface.

The color zones identify contour intervals that are draped on the surface. In addition to

providing a format for storing and displaying map surfaces, the analysis frame establishes the

consistent structuring demanded for advanced grid-based map analysis operations. It is the

consistent and continuous nature of the grid data structure that provides the geographic

framework supporting the toolbox of grid-based analytic operations used in GIS modeling.

In terms of data structure, each map layer in the map stack is comprised of a title, certain

descriptive parameters and a set of categories, technically referred to as Regions. Formally

stated, a region is simply one of the thematic designations on a map used to characterize
geographic l ocations. A map rexamplgamightinclubeo di es ent i
regions associated with dry land, lakes or ponds, streams and wetlands. Each region is

represented by a name (i.e., a text label) and a numerical value. The structure described so far,

however, does not account for geographic positioning and distribution. The handling of

positional information is not only what most distinguishes geographic information processing

from other types of computer processing; it is what most distinguishes one GIS system from

another.

As mentioned earlier, there are two basic approaches in representing geographic positioning
information: Vector, based on sets of discrete line segments, and Raster, based on continuous
sets of grid cells. The vector approach stores information about the boundaries between
regions, whereas raster stores information on interiors of regions. While this difference is
significant in terms of implementation strategies and may vary considerably in terms of
geographic precision, they need not affect the definition of a set of fundamental analytical
techniques. In light of this conceptual simplicity, the grid-based data structure is best suited to
the description of primitive map processing techniques and is used in this paper.

The grid structure is based on the condition that all spatial locations are defined with respect to

a regular rectangular geographic grid of numbered rows and columns. As such, the smallest

addressable unit of space corresponds to a square parcel of land, or what is formally termed a

Grid Cell, ormoregener al |y referred to as a Apointo or a il
represented by assigning all of the grid cells within a particular region a uniqgue Thematic Value.

In this way, each point also can be addressed as part of a Neighborhood of surrounding values.

If primitive operations are to be flexibly combined, a processing structure must be used that
accepts input and generates output in the same format. Using the data structure outlined
above, this may be accomplished by requiring that each analytic operation Involved

1 retrieval of one or more map layers from the map stack,

1 manipulation of that mapped data,

9 creation of a new map layer whose categories are represented by new thematic values
derived as a result of that manipulation, and

9 storage of that new map layer back into the map stack for subsequent processing.

The cyclical nature of the retrieval-manipulation-creation-storage processing structure is

anal ogous to the evaluation of fAneSBhelegkcalparent heti
sequencing of primitive map analysis operations on a set of map layers forms a spatial model of

specified application. As with traditional algebra, fundamental techniques involving several



primitive operations cdhime mdpa})ifhatd aeegapphié

situations.

The use of these primitive map analysis operations in a generalized modeling context
accommodates a variety of analyses in a common, flexible and intuitive manner. It also
provides a framework for understanding the principles of map analysis that stimulates the
development of new techniques, procedures and applications.

3.0 Spatial Analysis Procedures for Reclassifying Maps

The first and in many ways the most fundamental class of map analysis operations involves the
reclassification of map categories. Each of the operations involves the creation of a new map
by assigning thematic values to the categories/regions of an existing map. These values may
be assigned as a function of the initial value, position, size, shape or contiguity of the spatial
configuration associated with each map category (figure 3). All of the reclassification operations
involve the simple repackaging of information on a single map layer and results in no new

boundary delineations. Such oper at i-coonlso rcianng db eo ft h

maps.

Map Analysis (spatial relationships and patterns)

—Spatial Analysis (Geographic context)

—: Reclassify (single map layer; no new spatial information)

Position (scale, projection, rotation, coordinates)

Initial Value (renumber, aggregate, weight, constant math, contouring)
Size (number, length, area, volume)

Shape (boundary configuration, spatial integrity)

Contiguity (simple and effective grouping)

= Overlay (coincidence of two or more map layers; new spatial information)
— Proximity (simple/effective distance and connectivity; new spatial information)

— Neighbors (roving window summaries of local vicinity; new spatial information)

—Spatial Statistics (Numeric context)
Surface Modeling (point data to continuous spatial distributions)
Spatial Data Mining (interrelationships within and among map layers)

Figure 3. Reclassify operations involve reassigning map values to reflect new information about existing
map features.

For example, an initial value based reclassification operation may involve the ranking or

weighting of qualitative map categories to generate a new map with quantitative values. A map

of soil types might be assigned values that indicate the relative suitability of each soil type for
residential development. Quantitative values also may be reclassified to yield new quantitative

values. This might simply involve a specified reordering of map categories (e.g., given a map of

soil moisture content, generate a map of suitability levels for plant growth). Or it could involve

the application of a generalized reclassifying
continuous range of map categories values into discrete intervals (e.g., derivation of a contour

map from a map of terrain elevation values).
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Other guantitative reclassification functions include a variety of arithmetic operations involving
map category values and a specified computed constant. Among these operations are addition,
subtraction, multiplication, division, exponentiation, maximization, minimization, normalization
and other scalar mathematical and statistical operators. For example, a map of topographic
elevation expressed in feet may be converted to meters by multiplying each map value by
3.28083 feet per meter.

Reclassification operations also can relate to location-based, as well as purely thematic

attributes associated with a map. One such characteristic is position. A map category
represented by a single fipointodo |l ocation (grid ce
to its latitude and longitude. Similarly, a line segment or areal feature could be reassigned

values indicating its center of gravity or orientation.

Another location-based characteristic is size. In the case of map categories associated with
linear features or point locations, overall length or number of points may be used as the basis
for reclassifying those categories. Similarly, a map category associated with a planar area may
be reclassified according to its total acreage or the length of its perimeter. For example, a map
of surface water might be reassigned values to indicate the areal extent of individual lakes or
length of stream channels. The same sort of technique also might be used to deal with volume.
Given a map of depth to bottom for a group of lakes, for example, each lake might be assigned
a value indicating total water volume based on the areal extent of each depth category.

In addition to value, position and size of features, shape characteristics also may be used as
the basis for reclassifying map categories. Categories represented by point locations have
measurable shapes insofar as the set of points imply linear or areal forms (e.g., just as stars
imply constellations). Shape characteristics associated with linear forms identify the patterns
formed by multiple line segments (e.g., dendritic stream pattern). The primary shape
characteristics associated with areal forms include boundary convexity, nature of edge and
topological genius.

Convexity and edge address the fiboundary configur
measure of the extent to which an area is enclosed by its background relative to the extent to

which the area encloses its background. The convexity index for a feature is computed by the

ratio of its perimeter to its area. The most regular configuration is that of a circle which is

convex everywhere along its boundary, and therefore, not enclosed by the background at any

point . Comparison of a featureds computed convex
results in a standard measure of boundary regularity. The nature of the boundary at each edge

location can be used for a detailed description of boundary along a features edge. At some

locations the boundary might be an entirely concave intrusion, whereas other locations might

have entirely convex protrusions. Hpeiteanftei ng on t
assigned a value indicating the actual boundary configuration at that location.

Topol ogical genius relates to the fdAspatial i ntegr
numerous fragments and/or containing several interior holes indicates less spatial integrity than

those without such violations. The topological genius can be summarized as the Euler number

which is computed as the number of holes within a feature less one short of the number of

fragments which make up the entire feature. An Euler number of zero indicates features that

are spatially balanced, whereas larger negative or positive numbers indicate less spatial

integrity.



A related operation, t er coatduitii.plrais proeddurendgntifes c har act e
individual clumps of one or more locations having the same numerical value and which are

geographically contiguous (e.g., generation of a map identifying each lake as a unique value

from a generalized water map representing all lakes as a single category).

This explicit use of shape/contiguity as analytic parameters is unfamiliar to most Geotechnology
users. However, a non-quantitative consideration of landscape structure is implicit in any visual
assessment of mapped data. Particularly promising is the potential for applying these
techniques in areas of image classification and wildlife habitat modeling. A map of forest
stands, for example, may be reclassified such that each stand is characterized according to the
relative amount of forest edge with respect to total acreage and frequency of interior forest
canopy gaps. Those stands with a large portion of edge and a high frequency of gaps will
generally indicate better wildlife habitat for many species.

4.0 Spatial Analysis Procedures for Overlaying Maps

Operations for overlaying maps begin to relate to the spatial, as well as the thematic nature of

mapped dat a. The general c¢class of ovetableay oper at
g y mn a s {Theoperations involves creation of a new map on which the value assigned to

each location or set of locations is a function of the independent values associated with that

location on two or more existing map layers. There are three basic approaches to overlaying

mapsd Location-specific, and Region-wide (figure 4).

Map Analysis (spatial relationships and patterns)

— Spatial Analysis (Geographic context)

— Reclassify (single map layer; no new spatial information)

—: Overlay (coincidence of two or more map layers; new spatial information)
i Location-specific (point-by-point summarizes of map coincidence)
Region-wide (summarizes mapped data for entire map regions)

L S SRS

— Proximity (simple/effective distance and connectivity; new spatial information)

— Neighbors (roving window summaries of local vicinity; new spatial information)

—Spatial Statistics (Numeric context)
Surface Modeling (point data to continuous spatial distributions)
Spatial Data Mining (interrelationships within and among map layers)

Figure 4. Overlay operations involve characterizing the spatial coincidence of mapped data.

In simple Location-specific overlaying, the value assigned is a function of the point-by-point

aligned coincidence of existing maps. In Region-wide compositing, values are assigned to

entire thematic regions as a function of the values associated with those regions contained on

other map layers. Whereas the first overlay approach conceptually involves the vertical

spearing of a set of map layers, the latter approach uses one layer to identify boundaries

(termed t he fit enghinfarinaionnsaxyiracied ifi aohorizontal summary fashion

from the other map | ayers (termed the fAdata mapso



The most basic group of Location-specific overlay operations computes new map values from
those of existing map layers according to the nature of the data being processed and the
specific use of that data within a modeling context. Typical of many environmental analyses are
those which involve the manipulation of quantitative values to generate new quantitative values.
Among these are the basic arithmetic operations, such as addition, subtraction, multiplication,
division, roots, and exponentiation. For example, given maps of assessed land values in 2000
and 2005, respectively, one might generate a map showing the change in land values over that
period as follows: (expressed in MapCalc™ software syntax)

COMPUTE 2005_map MINUS 2000_map FOR Change_map
COMPUTE Change_map DIVIDEDBY 2005_map FOR Relative_Change_map
COMPUTE Relative_Change_map TIMES 100.0 FOR Percent_Change_map

Or as a single map algebra equation:
CALCULATE ((2005_map - 2000_map) / 2005_map) * 100.0 FOR Percent_Change_map

Functions that relate to simple statistical parameters such as maximum, minimum, median,
mode, majority, standard deviation, average, or weighted average also may be applied in this
manner. The type of data being manipulated dictates the appropriateness of the mathematical
or statistical procedure used. For example, the addition of qualitative maps such as soils and
land use would result in meaningless sums, as their numeric values have no mathematical
relationship. Other map overlay techniques include several which may be used to process
values that are either quantitative or qualitative and generate values that may take either form.
Among these are masking, comparison, calculation of diversity and intersection.

Many of the more complex statistical techniques comprising spatial statistics that will be

discussed later involve overlays where the inherent interdependence among spatial data is

accounted for in the continuous nature of the analysis frame. These spatial data mining

approaches treat each map as a fAvariable, d each g
Aobservati ono i n anonaspatal noath/stat modetsa A predictiveastatistical

model, such as regression, can be evaluated for each map location, resulting in a spatially

continuous surface of predicted values. The mapped predictions contain additional information

over traditional non-spatial procedures, such as direct consideration of coincidence among

regression variables and the ability to locate areas of a given prediction level.

An entirely different approach to overlaying maps involves Region-wide summarization of
values. Rather than combining information on a point-by-point basis, this group of operations
summarizes the spatial coincidence of entire categories of two or more maps. For example, the
categories on a Cover_type map can be used to define areas over which the coincident values
on a Slope map are averaged. The computed values of average slope are then used to
renumber each of the Cover_type categories. This processing can be implemented as:

(expressed in MapCalc™ software syntax)

COMPOSITE Cover_type with Slope AVERAGE FOR Covertype_avgslope

Summary statistics that can be used in this way include the total, average, maximum, minimum,
median, mode, or majority value; the standard deviation, variance, coefficient of variation or
diversity of values; and the correlation, deviation or uniqueness of particular value combinations.
For example, a map indicating the proportion of undeveloped land within each of several
districts could be generated by superimposing a map of district boundaries on a map of land use
and computing the ratio of undeveloped land to the total area of each district.



As with location-specific overlay techniques, data types must be consistent with the summary
procedure used. Also of concern is the order of data processing. Operations such as addition

and multiplication are independeammutatife t he order o
operationso) . However, other operations, such as
depending on the order in which a group of numbers is processed ( t e r me-domfiutadive

operationso) . This |l atter typewidebummgiesr ati ons can

5.0 Spatial Analysis Procedures for Establishing Proximity and Connectivity

Most geographic information systems contain analytic capabilities for reclassifying and

overlaying maps. The operations address the majority of applications that parallel manual map

analysis techniques. However to more fully integrate spatial considerations into decision-

making, new more advanced techniques are available. The concept of distance has been

hi storically associated with the Ashortest straig
measure is both easily conceptualized and implemented with a ruler, it frequently is insufficient

in a decision-making context.

A straight |line route might indicate the distance
a walking or hitchhiking crow or other flightless creature. Equally important to most travellers is

to have the measurement of distance expressed in more relevant terms, such as time or cost.

The group of operations concerned with distance,
rul ers. o

The basis of any system for measurement of distance requires two componentsd a standard

measurement unit and a measurement procedure. The measurement unit used in most

computer-or i ent ed systems is the fAgrid spaceo implied
uniform grid over geographic space (e.g., latitude/longitude or a custom analysis grid). The

distance from any location to another is computed as the number of intervening grid spaces.

The measurement procedureal ways retains the requirement of #fis
t wo points; however, the fistredight | ined requirem

A frequently employed measurement procedure involves expanding the concept of distance to

one of proximity (figure 5). Rather than sequentially computing the distance between pairs of

locations, concentric equidistant zones are established around a location or set of locations. In

effect, a map of proximity to a fitargeto | ocation
line distance to the nearest target grid cell for each non-target location.

Within many application contexts, the shortest route between two locations might not always be

a straight line. And even if it is straight, the Euclidean length of that line may not always reflect

a meaningful measure of distance. Rather, distance in these applications is defined in terms of

movement expressed as travel-time, cost, or energy that may be consumed at rates that vary

over time and space. Di stance modi fying effects
located within the geographic space in which the distance is being measured. Note that this

implies that distance is the result of some sort of movement over that space and through those

barriers.



Figure 5. Proximity operations involve measuring distance and connectivity among map locations.

Two major types of barriers can be identified as to how they affect the implied movement.

AAbsol ute barrier detelyestriet mbvenoestand thérefare ingply ampgnfinite

distance between the points they separate, unless a path around the barrier is available. A

flowing river might be regarded as an absolute barrier to a non-swimmer. To a swimmer or

boater, however, the same river might be regarded as a relative rather than an absolute barrier.

iRel ative barriersd are ones that are passable bu
equated with an increase in effective distance.

For example, the hiking-time map from a location can be calculated as set of concentric zones
that vary in shape by the relative influence various cover/slope categories for foot-travel
responding to the two types of barriers. Open water such as lakes and large streams are
treated as absolute barriers that completely restrict hiking. The land areas on the other hand,
represent relative barriers to hiking which indicate varied impedance to movement for each grid
cell as a function of the cover/slope conditions occurring at a location.

In a similar example, movement by automobile might be effectively constrained to a network of
roads (absolute barriers) of varying speed limits (relative barriers) to generate a riding travel-
time map. Or from an even less conventional perspective, effective-distance can be expressed
in such terms as accumulated cost of electric transmission line construction from an existing
trunk line to all other locations in a project area. The cost surface that is developed can be a
function of a variety of social and engineering factors, such as visual exposure and adverse
terrain, expressed as absolute and/or relative barriers.

The ability to move, whether physically or abstractly, may vary as a function of the implied

movement, as well as the static conditions at a location. One aspect of movement that may

affect the ability of a barrier to restrict that movement is direction. A topographic incline, for

example, will generally impede hikers differently according to whether their movement is uphill,

downhill or across slope. Another possible modifying factor is accumulation. After hiking for a

certain distidnce, tfemadl ¢ o become di sheartening mou
more restricted for a tired hiker. A third attribute of movement that may dynamically alter the






























