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Abstrat

We introdue several new methods for visualizing map projetions and

their assoiated distortions. These methods are embodied in the Intera-

tive Map Projetions system whih allows users to view a representation

of the Earth simultaneously as a sphere and as a projetion with the abil-

ity to interat with both images. The relationship between the globe and

the projetion is enhaned by the use of expliit visualization of the in-

termediate developable geometri shapes used in the projetion. A tool

is built on top of the Interative Map Projetions system that provides a

new method of visualizing map projetion distortion. The entral idea is

one or more oating rings on the globe that an be interatively positioned

and saled. As the rings are manipulated on the globe, the orrespond-

ing projetion of the rings are distorted using the same map projetion

parameters. This method is applied to study areal and angular distortion

and is partiularly useful when analyzing large geographial extents (suh

as in global limate studies) where distortions are signi�ant, as well as

visualizations for whih information is geo-referened and perhaps saled



to the underlying map. The oating ring tool is further enhaned to study

3D data sets plaed over or under map projetions. Examples inlude at-

mospheri and oeanographi data respetively. Here, the ring is extended

into a one with apex at the enter of the sphere and emanating beyond

the surfae into the atmosphere. It serves as a reminder that distortion

exists in maps and data overlayed over maps, and provides information

about the degree, loation, and type of distortion.

Key Words and Phrases: Interative artography, animated artography,

map projetions, distortion, visualization.

1 Introdution

There is an urgent need to eduate the publi as well as to remind pratition-

ers of the idiosynrasies of map projetions. The problem of map distortion is

partiularly aute when information (e.g. demographi) is overlayed on them.

This problem is further exaerbated when 3D models are displayed over these

maps. As aess to information overlayed over maps beome more prevalent

and available to the general publi through the web and other media, it is in-

reasingly important to remind users of the areal and angular distortions (as

well as distane distortion whih gives rise to these two) in di�erent map pro-

jetions. Toward this end, we present a two-pronged approah involving (a)

an interative artographi eduational software with an easy to use interfae

that allows users to experiment with di�erent types of map projetions and to

observe the distortions assoiated with eah one, and (b) an interative tool in

the form of a oating ring for 2D overlayed information, and a oating one for

3D overlayed information to highlight the nature and magnitude of distortions

present in di�erent map projetions.

The union of omputer tehnology with the earth sienes and artogra-

phy that has ourred in the past several deades, and espeially sine the late

1980's, has dramatially hanged the ways in whih humans interat with ge-
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ographi information. Instead of limiting ourselves to the passive viewing of

stati images, we have been taking muh more of an ative role in the proesses

of map reation and artographi visualization (Monmonier, MaEahren, 1992)

and (MaEahren, 1994) . Today's Geographi Information Systems (GIS) al-

low users to store, proess and display geographi information with speed and

exibility, even on very modest desktop systems.

Cartography is muh more widely aessible now than in what Robinson,

Sale (1995) refer to as the \dark ages" before the omputer revolution . The use,

and misuse, of artography by non-experts is a driving motivation for this work.

The main ontribution of this work is a new interative and animated set of

artographi tools that provide users with methods of exploring map projetions

and distortion. The Interative Map Projetions (IMP) system (see Setion 4)

developed at the Advaned Visualization and Interative Systems (AVIS) lab at

the University of California, Santa Cruz allows a user to diretly interat with

an image of a globe and a map projetion. Changes in the orientation of the

globe, for instane, are reeted simultaneously in the image of the projetion.

Images of geometri objets are inluded whih provide important visual ues

to the user of the origin of the map projetion. These shape images an also be

manipulated by the user, and again the resulting hange in the map projetion

ours simultaneously. For example, a one-shaped image is presented with the

Albers Coni projetion. The user an hange the shape of the one so that it

ontats the globe at di�erent latitudes. The shape of the projetion hanges in

reation to the user's inputs, and provides a powerful visual onnetion between

ylindrial, oni and planar projetions (see Setion 5.3 and Figure 11).

The IMP system also provides a base for visualization tools to be built upon.

In partiular, an interative tool for visualizing and analyzing map projetion

distortion is desribed (see Setion 5), alled the oating ring tool. As its name

suggests, the tool is simply an image of a ring that \oats" on the globe, muh

like a ontat lens on the surfae of an eyeball. The ring an be moved and saled

diretly via user input. The oating ring gives a fasinating range of distortion

patterns depending on the map projetion. Unlike other methods of representing
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distortion that produe stati images, the user is able to interatively manipulate

the oating ring to allow real-time viewing of shape deformations aused by the

saling or repositioning of the ring. The use of olor enhanes the visual ues

of the ring shape deformations.

The oating ring tool is useful to people who use maps in a wide variety

of appliations and disiplines. Students an use the ring as an eduational

tool to gain insights into the subjet of map projetions. Map users an use

the system as a guide in interpreting the visual information ontained in maps.

Finally, professional artographers may �nd additional insights in an already

well known projetion, or a new projetion.

An enhanement to the oating ring allows users to visualize map projetion

distortion for maps that ontain data with a vertial omponent (see Setion

5.5). Often salar data that inludes a vertial omponent is simply laid on

top of an existing map. Usually there is no indiation of the methods used in

saling and projeting this data. The purpose of this enhanement is to provide

a visual reminder of the neessity of methods to prevent misleading or inaurate

geographi onversion of salar height data.

We foresee the oating ring as an integral part of GIS to provide additional

exibility to its users. The system ould be easily integrated into a GIS en-

vironment, either as a separate globe-and-projetion pair, providing a general

means for visualizing the distortion of a partiular map projetion, or as an

integrated visual glyph for use diretly on a data set, providing a more spei�,

and perhaps detailed, representation of the distortion in the partiular area of

interest.

This work initially grew out of our work in visualizing unertainty in a num-

ber of appliations (Pang et al. , 1997) . One of these appliations is data

assimilation (Djurilov, Pang, 1997) and (Saxon et al. , 1997) where model

foreasts are orrelated with readings from in-situ weather instruments suh

as meteorologial stations, wind pro�lers, and radiosondes as well as remote

sensing instruments suh as satellite imagery, CODAR (oean surfae urrent)

and NEXRAD (atmospheri reetivity) moment data. The 3D weather mod-
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els usually output their foreasts using a partiular projetion (e.g. Lambert

Conformal). One of the key issues in fusing the foreasts with the atual data

is the di�erent oordinate systems in use and the need to aount for the dis-

tortions in di�erent map projetions. See also Willmott et al. (1985) for work

that addresses errors in small-sale limate maps aused by interpolating and

ontouring in Cartesian two-spae. The work presented in this paper also seeks

to answer some of the hallenges presented in Beard et al. (1991) and re-iterated

in MaEahren, Kraak (1997) and van der Wel et al. (1994) on issues regarding

visualization of data quality.

2 Bakground

2.1 Map Projetions and Distortion

The problem of projeting a spherial objet to a at surfae has aptured the

interest of artographers, mathematiians and navigators for over 2500 years

(Snyder, Voxland, 1989) . A sphere is not a developable surfae, thus any

system of onversion to a planar surfae must inlude some \strething" or

\squashing" of some or all of the areas on the original surfae. More preisely,

distortion is based on the onept of sale at a point in a diretion on a map.

On a globe, sale an be onsidered unity everywhere and in every diretion,

exept at the poles. The proess of projetion introdues hanges in the sale

at homologous (orresponding) points on the sphere and projetion, referred

to as distortion. The knowledge of the types, magnitudes and distribution of

distortion on a projetion is of paramount importane in understanding the

relationships between information on a map and the \real world" objets being

represented.

There are hundreds of projetions in standard use, and often the most im-

portant onsideration in map use is the type of projetion to use for a partiular

purpose. For instane, the popular Merator projetion has been used heavily

in navigation beause true ompass bearings are represented as straight lines on
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the map, a valuable harateristi. Other projetions may be used to minimize

the e�ets of distortion in a partiular area of interest.

2.2 Classi�ation of Map Projetions

There are many lassi�ation systems for map projetions (Tobler, 1962), (Sny-

der, 1987), and (Dent, 1998) . We briey desribe two that are relevant to this

paper { one based on the type of developable surfae used in the projetion,

and the other based on the type of distortion introdued in the map projetion

Many map projetions an be lassi�ed by the shape of the intermediate

developable surfae used for projetion. Figure 1 shows spheres insribed in

three suh shapes. A ylindrial projetion is reated by projeting every point

on the sphere onto the surfae of the ylinder. The ylinder is then \ut" along

the length of its body and laid at to produe the map. Likewise for a one

and a plane, produing oni and planar projetions, respetively. The point

or loi of points of the developable shape tangent to the sphere de�ne a re-

gion of onstant sale. Note that not every projetion an be assoiated with

a geometri objet. In fat there is an important lass of projetions that are

onstruted mathematially and have a shape similar to an oval. Some of these

are alled pseudoylindrial beause of some similarities to the lass of ylindri-

al projetions (Robinson, 1988) . Several pseudoylindrial projetions have

also been shown to be polyylindri. Many other projetions are grouped as

misellaneous projetions, and inlude interrupted projetions. There is also

the Van der Grinten projetion, whih is irular but not planar (Robinson,

1988) . Yet other kinds of projetions suh as retroazimuthals, two point az-

imuthals, gnomoni, et. exist but they are not of general interest. The user

interfae of the Interative Map Projetions system desribed in Setion 4 uses

this lassi�ation to aid users in seleting a map projetion.

Another ommon system for lassifying map projetions is by the type(s) of

distortion present on the projetion. Angular distortion ours if the ratio of

the sale fators in the prinipal diretions at a point is not unity. Aording
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(A) (B) (C)

Figure 1: Three di�erent types of developable surfaes used in map projetions.

(A) Cylindrial, (B) Coni, and (C) Planar.

to Tissot, the prinipal diretions are a pair of perpendiular diretions on the

sphere that are retained as perpendiular on the projetion. At least one pair

is guaranteed to exist at eah point, and the maximum deviation of the sale

fators our in the prinipal diretions. Therefore the measurement of the sale

fators for the purposes of measuring distortion is always along the prinipal

diretions.

A onformal or orthomorphi projetion is one that preserves the ratio of

sale fators in the prinipal diretions at every point, and therefore ontains

no angular distortion. It must be stressed that this quality only applies to

points and not areas of any extent. A onformal projetion tends to preserve

reasonable shape aross small geographi extents but deforms the area. The

Merator projetion, in Figure 7, provides a lear example of the e�ets of the

distortion of a onformal projetion, espeially in the higher latitudes. Notie

that Greenland (2,175,600 sq. km.) appears larger than the South Amerian

ontinent (18,291,928 sq. km.), whih is very misleading if omparing respetive

areas. The Merator projetion, inidentally, was never meant to be used as a

general-purpose world map, even though it is often misused as suh.

Area distortion ours if the produt of the sale fators in the prinipal di-

retions at a point is not unity. An equal-area or equivalent projetion preserves

unity of the produts of the sale fators at every point along the prinipal di-

retions on a map, exept at the poles. Equivalent maps therefore represent
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geographi areas in relative proportion, i.e. two objets of idential size on the

sphere will retain that property on the projetion. The tradeo� is that angular

relationships will hange beause the ratios of perpendiular sale fators are not

preserved. Thus equal-area maps tend to distort the shapes of land masses, but

retain areal relationships. Conformality and equivalene require ontraditory

sale relationships so that no map projetion an retain both harateristis,

and in fat most retain neither.

Equidistant projetions maintain orret distanes either between all points

along one diretion or from one or two points in all diretions. Corret distane

between points implies uniform saling along the diretion between the points.

Finally, azimuthal projetions show some \true diretions" as straight lines.

True diretion in the artographi sense is the path along any great irle and is

the shortest distane between two points on a sphere. In general, true diretion

is not equal to true ompass bearing. A line of onstant bearing (rhumb line)

will oinide with a great irle if you are traveling north or south along a

meridian, or east or west along the equator. Usually azimuthal maps represent

true diretions as straight lines only from one or two points or within a very

limited area.

3 Related Work

3.1 Tissot's Indiatrix

Formal methods for graphially representing distortions in map projetions date

bak at least 100 years. The most notable is the use of Tissot's indiatrix. The

indiatrix is simply an ellipse whose shape and size represent the sale fators

in the prinipal diretions at a point on the sphere. Figure 2 is a representation

of the basi idea of the indiatrix. The irle entered at O of radius OA = OB

represents an in�nitesimal irle on the surfae of the sphere. The radius is

onsidered unity. The values a and b represent the sale fators of point O in

the diretions of OA and OB, respetively. It is important to keep in mind
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that the lengths shown in the diagram are only representative of sale fators

at a point and do not orrespond to any atual distane. One projeted, the

irle will be deformed. If the projetion is onformal, the shape will remain

irular sine the sale fators along the prinipal diretions must be equal. The

area, however, is not onstrained and therefore will vary from point to point.

An equal-area projetion, on the other hand, must retain relative areas, so the

produt of a and b must be equal to unity, but a = b does not hold, so the shape

of the indiatrix beomes elliptial and angular distortion is introdued. The

point M on the irle and the orresponding point M

0

on the ellipse are points

subjet to the maximum angular deetion. The amount of angular distortion

in a quadrant !, is given by the relation ! = U � U

0

where U =

6

MOA and

U

0

=

6

M

0

OA. The maximum angular distortion at a point is given as 2!, whih

represents the maximum angle deetion in two quadrants adjoining the major

axis of the ellipse.

b

a

M

M’

U’

B’

A A’

B

U
O

Figure 2: Tissot's indiatrix: The smaller irle represents an in�nitesimal small

irle on the globe of unit radius. The ellipse represents the same irle on the

projeted image. The values a = OA

0

and b = OB

0

represent the sale fators

used to de�ne the angular and areal deformation at a point in a projetion.

Coneived in 1881, Tissot's indiatrix is still onsidered the standard method

for representing map projetion distortion. It is simple, elegant, easy to om-

prehend and very e�etive in onveying the distortion harateristis of a pro-
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jetion. It is, however, limited in its usage. Sine eah ellipse is representative

of the sale fators at an in�nitesimal point, distortion over areal extents of a

projetion is generally ahieved by plaing ellipses on onvenient intersetions

of the gratiule, suh as every 10 or 15 degrees latitude and longitude, as in

Figure 3. The distortion sale therefore annot be known at arbitrary points

on the projetion, and the presene of many suh ellipses on a stati projetion

image may obsure geographi and overlaid data.

Figure 3: Distortion diagram based on Tissot's indiatrix. Merator projetion

gratiule shown with ellipses plotted on line intersetions. Notie eah ellipse is

a irle, indiating onformality. The area of eah ellipse is proportional to the

areal distortion at that point, and inreases toward the poles (top and bottom

rows).

3.2 Other Distortion Visualization Methods

A ommon method of representing distortion on map projetions is the use of

isolines to show regions of equal angular or areal distortion. This method is

useful beause it gives the user an idea of the overall pattern of distortion on

the projetion, but the lines an interfere with the geographi information being

represented, and is in pratie limited to show disrete values.

Cartographers may use what Robinson, Sale (1995) refer to as Visual Anal-

ysis to determine overall distortion harateristis of an unfamiliar projetion

by examining gratiule patterns. For instane, the intersetion of parallels and
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meridians will always be at right angles in a onformal map, so angles other

than 90 indiate a non-onformal map. This method is useful only for those

with onsiderable knowledge of map projetions, and may not make apparent

some of the subtleties of the projetion.

Another ommon and useful devie is the general method of \familiar shapes".

As the name implies, the distortion harateristis of a projetion an be demon-

strated by the deformation of a projeted image of a familiar shape. Examples

of this method employ single shapes, suh as a human's head (Robinson, 1988),

and (Robinson, Sale, 1995) , or a irle and ompass rose (Mulahy, Clarke,

1995) , or multiple shapes, suh as a network of equilateral triangles overing

the extent of the globe (Fisher, Miller, 1944), (Hsu, 1981), and (Robinson, 1988)

. In general, these methods obsure underlying geographi information and are

limited by the stati nature of the projeted image. Of ourse, the deformation

of familiar oastlines and other geospatial harateristis an often provide suf-

�ient visual ues to allow a user to gain an overall sense of the distortion of a

projetion.

Clarke, Mulahy (1995) introdued the onept of olor di�erentiation, map-

ping three olor sales to the x range, y range and angular onvergene at a point

on the projetion . The distortion pattern of the entire projetion is visualized

without obsuring underlying unolored geographi data. Projeting a heker-

board pattern or grid square pattern has been used by Steinwand et al. (1995)

to study the e�ets of distortion introdued by re-projeting raster data sets.

Eah of these methods is e�etive in di�erent irumstanes. The primary

bene�ts of the oating ring inlude its exibility through interativity and ability

to onvey distortion information e�etively aross varying areal extents. Color

information is used to enhane the user's ability to gauge the rate of hange

of distortion over the extent of the ring and the magnitude of distortion at

a point. The shape of the ring is irular, a shape that has many bene�ial

qualities for use in this apaity, notably that small deformations of the shape

are easily reognizable as suh, and do not depend on the user's geographi or

artographi knowledge. The ring is transformable through user interation,
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whih overomes the shortomings of stati images. The use of the ring does

not obsure the geographi data, and an be easily hidden. Finally, the oating

ring tool is implemented in a system that provides interative visualization of

map projetions, so that the e�ets of di�erent projetions on the ring and the

underlying data an be easily ompared.

3.3 Animated and Interative Cartography

The use of animation in artography is not a new phenomenon. Animated maps

were proposed in Thrower (1959) and Thrower (1961) and were applied to the

analysis of traÆ aidents (Moellering, 1973) , and population growth in urban

areas (Tobler, 1970) and (Rase, 1974) . Later the omputer replaed �lm as the

medium for animated artography.

Due to the omputational demands of artography, muh of the early om-

puterized animated artography were limited to �xed-sequene animation of pre-

omputed images (Robinson, Sale, 1995) . This method restrits user interation

to passive viewing. Even so, some very impressive and e�etive �xed-sequene

artographi animation has been produed, notably the weather satellite images

from the Geostationary Operational Environmental Satellite (GOES) from the

National Oeani and Atmospheri Administration (NOAA).

Most artographi animation fouses on temporal hanges in map data. In

one ommon method, values of an independent variable are plotted through

time onto a stati map image. This method an be used to visualize both

natural and human proesses suh as population growth, inome distribution,

ozone depletion, and global warming. Another method shows environmental

hanges in the map itself. For instane, the path of the ontinental plates an

be visualized, or the e�ets of soil erosion.

Non-temporal animation also exists. Often this is a �xed-sequene series of

images that plot data values as some other variable (besides time) is varied.

For example, perent of population for various age groups was animated for

the Omaha, Nebraska region (Peterson, 1993) . Non-temporal artographi
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animation is also used to allow users to more e�etively view a stati map. For

example, by varying the user's viewpoint, a \y-through" e�et an be ahieved

(Moellering, 1980a) and (Moellering, 1980b) . Zooming apabilities with the

appropriate level of generalization at eah resolution gives a user geographial

detail and ontext (Robinson, Sale, 1995) . In Vanoosterom, Shenkelaars (1995)

a method for interatively exploring data sets is desribed.

As omputers have beome inreasingly powerful, methods of artographi

animation have allowed greater degrees of user interation. For animations that

display pre-omputed images, the user is given more ontrol over the length

and ontent of the animation, inluding methods for sripting the animations

(Monmonier, 1990) . For animations that inlude a y-through, the user may

have ontrol over the path. Other examples exist, but the potential for new

interative artographi methods is largely untapped. The Interative Map

Projetions system desribed in this work greatly extends the level of intera-

tivity that is generally aessible in artographi animation today. There is a

ommerial produt, however, that is somewhat similar and deserves mention.

Geoart (www.terradata.om/Mapthematis.html) is a popular ommerial prod-

ut that, like the Interative Map Projetions system, implements interativity

and animation of map projetion parameters and distortion diagrams. Geoart

allows generalized mapping with an impressive hoie of map projetions. Users

an interatively display many visual tools inluding Tissot indiatrix diagrams,

great irles, rhumb lines, and sale distortion parameters. One advantage of

the Interative Map Projetions system over Geoart is the ability of the user

to interat diretly with elements on the projetion, inluding the distortion

diagram. Interation in Geoart is indiret, usually aomplished by the user

entering numbers into dialog boxes. Although many features are o�ered, the

Geoart system is not designed for immediate or diret user interation and

manipulation.

The �eld of animated and interative artography has not been fully re-

alized. Although the amount of work has been inreasing rapidly in the last

several years, ontributors in this �eld have only srathed the surfae. The
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reader is referred to several reent works that provide more detailed summaries

of the work done in animated and interative artography, inluding Dorling

(1992), DiBiase et al. (1992), Ashe, Herrmann (1994), Peterson (1995), and

Robinson, Sale (1995), . A good desription of existing software produts im-

plementing animated and interative artography an be found in Cartwright

(1994), Sloum (1994), and Peterson (1995) .

4 Interative Map Projetions

4.1 Overview of System

The Interative Map Projetions system was originally designed as an edua-

tional tool, and later onverted to a front-end for the visualization omponent

(SLVG) of the Real-Time Environmental Information Network and Analysis

System (REINAS) at the University of California, Santa Cruz. REINAS is a

system that supports real-time data aquisition, data management, and data vi-

sualization of regional sale environmental siene (Saxon et al. , 1997) . One of

the reent uses of the Interative Map Projetion system is to support the oat-

ing ring tool (see Setion 5 and Brainerd, Pang (1998) ). The system is written

in C++, and eah objet on the sreen is represented by a lass. This provides a

modularity that allows objets to be easily added to or removed from the system.

Users an hoose the objets to be displayed, allowing for ustomization. For in-

stane, the user an hoose to hide the oastline data, allowing an unobstruted

view of the gratiule. This might be bene�ial in studying gratiule patterns in

di�erent projetions. The modular design also allows the Interative Map Pro-

jetions program to be quikly modi�ed based on the user's desired purpose. The

eduational version of the Interative Map Projetions system is available for

download via ftp from http://www.se.us.edu/researh/avis/map.html. While

the urrent software release has only been tested on SGI platforms, the ode

an be easily ported to other UNIX/Linux platforms. In addition, e�orts are

underway to port both the user interfae and appliation to a Windows envi-
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ronment.

4.2 Interative Map Projetions System

The Interative Map Projetions system performs interative visualization of

map projetions, (see Figure 4). The user is initially presented with an image of

a globe onsisting of the standard gratiule and world oastline data. Through

the use of mouse ontrols, the user is able to rotate the globe along the polar axis

and an equatorial axis. The user an hoose to view one of three developable

geometri shapes in this window (Globe Window): a ylinder, one, or plane.

Eah of these represents a lass of map projetions that an be viewed simulta-

neously in another window (Projetion Window). One a geometri shape has

been hosen, a projetion is shown in the Projetion Window. The projetion

orresponds to the type and orientation of the seleted geometri shape. The

geometri shapes an be independently manipulated through rotation. Rotat-

ing the geometri shape or the globe, seen in the Globe Window, hanges the

projetion in the Projetion Window appropriately. Currently thirteen di�er-

ent standard projetions are supported, and are listed in Table 1 along with

the orresponding geometri and distortion harateristis. For the ategory of

distortion harateristis, one of three labels is used: onformal, equal-area or

ompromise. Here, a ompromise projetion means one that is neither onfor-

mal nor equal-area, but exhibits both angular and areal distortion. Although

ompromise projetions have both angular and areal distortion, the magnitude

of the distortion tends to be less, in general, than either onformal or equal-area

maps. Hene, ompromise maps often look \orret", and are therefore often

used as general purpose world maps.

In hoosing whih projetions to inlude, an equal representation of distor-

tion patterns and geometri lassi�ation in the projetions was desired. Both

old and ontemporary projetions were hosen, some that are in use today

and others that are obsolete, but are inluded for historial and eduational

purposes. Routines from the General Cartographi Transformation Pakage
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Projetion Geometri Classi�ation Distortion

Merator Cylindrial Conformal

Transverse Merator Cylindrial Conformal

Miller Cylindrial Compromise

Lambert Coni Conformal

Polyoni Coni Compromise

Albers Coni Equal-area

Orthographi Planar Compromise

Stereographi Planar Conformal

Gnomoni Planar Compromise

Mollweide Pseudoylindrial Equal-area

Robinson Pseudoylindrial Compromise

Putnins P

0

2 Pseudoylindrial Equal-area

Wagner VII Modi�ed Azimuthal Equal-area

Table 1: Map projetions used in the Interative Map Projetions system.
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(GCTP) from the United States Geologi Survey (1995) are used for the proje-

tions. This pakage is a general-purpose program for onverting map projetion

oordinates between di�erent projetions. Although somewhat diÆult to use,

the pakage provides a fast and versatile means for onverting oordinates from

one projetion to another.

An additional tool inluded in the system deserves mention. A bounding

box tool is inluded that an be used to de�ne regions of interest for geographi

database queries. Like the oating ring tool, the bounding box oats on the sur-

fae of the globe and is projeted onto the map projetion image. The bounding

box is a \retangular gratiule" as it lines up on latitude and longitudinal lines.

The bounding box's retangular shape requires that it be deformed to math

the urvature of the globe. Eah orner of the box is moved separately through

mouse piking, and motion is restrited so that every point on a side of the box

remains along a meridian or a parallel (see Figure 5).

5 Interative Distortion Visualization

5.1 Floating Ring Tool

In this hapter a new type of distortion diagram is desribed that uses a visual

tool alled the oating ring tool. The oating ring tool is simple to ompre-

hend and use, yet provides powerful visual ues of the types and amounts of

distortion in a projetion. The ring oats on top of the sphere, and an be

diretly manipulated by the user with simple mouse interation. Figure 6 shows

a simpli�ed shemati demonstrating the onept of the oating ring. Both the

position and sale of the ring an be hanged, and the results of those hanges

are shown in both the globe and the projetion images in real time. The ability

to see the hanges made to both images immediately is one of the key strengths

of this system.

The irular shape of the oating ring is integral to e�etiveness of the tool

for the following reasons. Every point on a irle is in ontat with the sphere.
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A planar retangular or triangular objet does not have this property, unless

the shape is deformed to math the urvature of the spherial surfae using

spherial geometry. Part of the e�etiveness of the oating ring is that the

irular shape remains onstant and undeformed on the globe regardless of its

position or sale. This gives the ring a simpliity and symmetry that greatly

enhanes the user's ability to omprehend the deformation of the projeted ring

aused by the projetion. The visual ues o�ered by the deformed ring provide

a link to understanding the distortion harateristis of a projetion, in both

loalized areas or over large regions of the map.

5.2 Map Distortion and Shape Deformation

In this doument, we will mostly refer to two projetions for illustrative pur-

poses, the standard Merator and the Amerian polyoni, shown in Figure

7. The Merator is a onformal, ylindrial projetion used in navigation and

onformal mapping of equatorial regions (Snyder, Voxland, 1989) . It is al-

most universally lassi�ed as ylindrial, although tehnially it is not a diret

geometri projetion (Deetz, Adams, 1944) . Angular relationships are pre-

served at every point but area is distorted as one moves toward the poles. The

polyoni projetion, shown in equatorial aspet, is a oni projetion, but is

neither onformal nor equal-area. Other polyoni projetions exist, some of

whih are onformal and some of whih are equal-area. It shows inreasing an-

gular and areal distortion from the entral meridian (yellow-green line running

north-south through Afria in Figure 7). It has been historially used to map re-

gions of primarily north-south extent and limited east-west extent (Raisz, 1948)

. These projetions were hosen partly beause they have very di�erent distor-

tion harateristis, and thus together they provide ontrast in demonstrating

the oating ring tool.

The oating ring is e�etive in representing both angular and areal distor-

tion. Areal distortion in a projetion is aompanied by an enlarging or shrink-

ing of the projeted ring shape. In the Merator projetion, this is best seen
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as an enlargement of the ring as it is moved into higher latitudes, as illustrated

in Figure 8. One subtle point that the oating ring makes evident in Figure 8

is that onformal maps do not preserve shape over large areas. In ontrast, a

standard distortion diagram based on Tissot's indiatrix, as in Figure 3, hides

this point. In the polyoni ase, the area of the ring hanges with longitude,

beoming enlarged as it is moved away from the entral meridian. Also e�etive

is a saling of the stationary disk, whih allows the user to see the e�et of

distortion over a large area of the projetion.

Angular distortion is aompanied by a deformation of the ring in the poly-

oni projetion away from the entral meridian, as in Figure 9. This graphi

representation is a simpli�ation of the polyoni projetion. The onstru-

tion of the polyoni projetion inludes an in�nite number of ones tangent at

in�nitesimally spaed latitudinal steps. In Figure 9, the ring beomes unsym-

metrially elongated and rotated with respet to its orthogonal axes based on

its position and sale.

The point at the enter of the ring is also displayed. This serves as a referene

point, and provides an additional visual ue of the e�ets of the distortion on

the ring. In Figure 8, for example, the ring's enter point on the projetion sits

low in the ring, reinforing the visual pereption of inreased distortion toward

the poles.

5.2.1 Multiple Rings

The use of multiple rings in a single projetion an greatly enhane the abil-

ity of the user to gain an understanding of the distortion harateristis of the

projetion through simple visual omparison. Comparing multiple rings in dif-

ferent positions or with di�erent sales on the same projetion provides many

interesting senarios in addition to the single ring on�guration. In Figure 10,

three examples of multiple rings are used with three separate but similar oval

projetions. In eah ase, the two rings are of the exat same size, but one is left

19



near the enter of the projetion, where there is relatively little distortion, and

the other is moved to the periphery of the projetion, and as suh is deformed

to a greater degree due to the larger distortion. In eah ase we have a visual

omparison of the di�erene between the two rings that provides an exellent

basis for desribing the distortion harateristis. This �gure also illustrates the

use of another method of analysis using the oating ring tool and the underly-

ing system by hanging the projetion under the oating ring. This method is

desribed in Setion 5.3.

Adding or deleting rings from the display is aomplished with graphial

user interfae (GUI) ontrols (see Figure 4). Managing multiple rings on the

display adds very little omplexity to the user interation. Rings an be moved

and saled through mouse piking, so the user ontrols remain intuitive and

unluttered. In priniple there is no limit on the number of rings that an be

added, but in pratie having two or three is suÆient.

5.3 Using Animation and the Interative Map Proje-

tions System

The oating ring tool is embedded in the Interative Map Projetions system

and the operation of the oating ring is losely tied to the workings of the

underlying system. Two methods that take advantage of this to inrease the

e�etiveness of the oating ring tool are desribed in this setion. Both methods

use the tehnique of moving the underlying projetion instead of moving the

ring. In the �rst method, the user swithes between di�erent map projetions

and in the seond, one map projetion is animated while the ring oats on top.

5.3.1 Di�erent Map Projetions

Figure 10 is an example that uses di�erent map projetions without diretly

hanging the oating ring. The Interative Map Projetions system allows the

user to swith between map projetions without disernible lag time. Thus a

omparison of the e�ets of distortion from di�erent projetions on the shape
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of the ring an easily be seen. This method an be used for projetions that are

very similar to one another. Often it is diÆult for the non-expert to disern

the di�erenes between similar projetions and this method o�ers an e�etive

method of diret omparison.

5.3.2 Animating Map Projetions

Figure 11 shows a series of sreen shots representing the use of animation of

the underlying map projetion as a method of analysis. In this series, a single

oni map projetion (Albers Equal-area) is used. To the left of eah of the

sreen shots is an illustration representing the approximate on�guration of the

one and globe that produe the projetion on the right. The parameter that

is manipulated in these shots is the latitude at whih the one is tangent to the

globe. In (a), at the top of the �gure, the one is tangent at its most northern

position, the north pole. In this position the one is tangent at a single point.

Notie that in this position, the one is essentially attened out into a plane.

In other words the tip and the base of the one have beome o-planar. The

resulting projetion is round, as is typial of a planar projetion. As the one

is \pulled" down, i.e. the latitude at whih the one is tangent to the globe

dereases, it begins to assume the more traditional shape of a one, as in (b).

Here the projetion also takes on a shape assoiated with a oni projetion.

As the one is pulled down to the equator, it resembles a ylinder as the tip

of the one beomes in�nitely far away to aommodate the parallel slopes at

di�erent points on the base. The orresponding projetion in () resembles a

ylindrial projetion, as we would expet. (d) and (e) mirror (b) and (a),

respetively, in the southern hemisphere. As the underlying map projetion

hanges aording to the desription above, the oating rings beome deformed

based on this underlying projetion. In this series the rings are exatly the

same size and are not moved. One is situated in the northern hemisphere and

the other in the southern hemisphere. In the �rst ouple of shots, one noties

that the southern ring is very deformed while the northern one more losely
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retains its irular shape. Likewise in the �nal two shots, the southern ring

appears less deformed than the northern one. This animation is very e�etive

in reinforing the onept that the line of tangeny is the line of least distortion,

and distortion will inrease with distane from that line. Another, perhaps

more important insight that an be drawn from this animation sequene is the

relationship between three major lasses of map projetions that are based on

the geometri shapes, ylindrial, oni and planar. The smooth animation as

the one resembles eah of the di�erent shapes, and the orresponding hange in

the projetions is an extremely powerful visualization that links all three lasses

of projetions.

5.4 Color Information

In addition to shape deformation, olor is used to represent magnitudes and

hanges in distortion, both at single points and aross areal extents. In the

standard mode just the outline of the ring is presented. This gives an unob-

struted view of the underlying geographi information and the gratiule on the

projeted image. The ring is olored proportional to the magnitude of distortion

at eah point, whih is disussed in more detail below. The user an also hoose

to olor the entire area within the ring. Coloring the entire area an be useful

in determining the magnitude of distortion at various points within the ring,

or as an additional aid in understanding how the distortion hanges over area.

The use of olor is in some instanes preferable to the use of isolines beause

a visual representation of the ontinual hange of the magnitude of distortion

provides more omplete information than disrete lines representing equal mag-

nitude. In addition, the oloring does not introdue additional lines that might

be onfused for gratiule lines or other geographi information.

Two separate olormaps are used, one to represent angular distortion and

the other areal distortion. The user simply selets a olormap from the GUI

(Figure 4). The olor model we use is based on the sale fators at a point

in the prinipal diretions, represented on Tissot's indiatrix (Figure 2) as a =
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OA

0

and b = OB

0

, respetively. These values are simply the semi-axes of the

indiatrix. To determine areal distortion at a point, we multiply a and b. This

is proportional to the area of the indiatrix at that point, � a b. Sine the map

sale fators are unity at every point on the globe, the produt ab of a point

on the projetion determines the magnitude of the areal distortion. In all ases

the lengths of a and b are onsidered positive, so inreases in areal distortion

our when ab > 1 (here the sale onstant has been assumed) and dereases

in areal distortion our when ab < 1. A olor value is then assigned based on

this value. Two olors are spei�ed in the olormap, one for values less than

unity and one for values greater than unity, as shown in Figure 12. In a similar

way, we use the ratio of sale values, a=b, as the measure of angular distortion.

This value an be thought of as the ellipsoidal eentriity of Tissot's indiatrix.

Angular distortion ours when a=b 6= 1. If a > b, the ellipse is \squashed", and

if a < b, the ellipse is \strethed" vertially . As in the ase for areal distortion,

a olor value is assigned based on the relationship of the distortion magnitude

to unity.

Figure 12 is a graphi representation of two separate olormaps. Either ol-

ormap an be spei�ed by the user to represent either angular or areal distortion.

This gives the user exibility in determining how the map image should look.

In both the Merator and polyoni projetions, none of the sale values

fall below unity, so only the olor above unity dominates. In the Merator

projetion, there is no angular distortion, so the olor of the ring is onstant

(when the angular distortion olormap is hosen). The polyoni projetion,

however, inludes substantial angular distortion. Coneptually, Tissot's ellipses

beome strethed with longitudinal distane from the entral meridian, implying

b � a or a=b � 1. Again, one olor dominates, but at the minimum end of the

olormap, i.e. all values are � 1. Figure 13 shows a �lled ring on the Merator

gratiule, olored as in Figure 12 (a). Figure 14 shows a �lled ring on the

Merator gratiule, olored as in Figure 12 (b).

Having two separate olormaps representing di�erent types of distortion is

an exellent means of omparing distortion information. For instane, the ring
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in a onformal projetion has onstant angular distortion, and will be olored

uniformly in the angular distortion olormap, but not with the areal distortion

olormap. The polyoni projetion, on the other hand, will be olored di�er-

ently in both olormaps sine it is neither onformal nor equal-area. The user

an swith bak and forth between the two olormaps to gain nearly instanta-

neous omparative information on the types and magnitudes of the distortion.

5.5 3D Floating Ring

An enhanement to the original oating ring tool is implemented that allows

users to visualize distortion in three dimensions. The motivation for this en-

hanement is that distortion along the vertial dimension is usually ignored and

an be signi�ant in some appliations suh as meteorology. The 3D oating

ring tool in the globe window, as shown in Figure 15a, is atually two rings,

the original ring loated on the surfae of the globe, and an elevated ring that

hovers above sea level. The elevated ring represents the ring at a user-spei�ed

elevation. The two rings are onneted so that the entire visual representa-

tion is that of a ylinder, enlarged at the elevated end to aurately reet the

appropriate size, based on the size of the original ring and the elevation. In

the projetion window, Figure 15b, the 3D oating ring behaves exatly as its

standard ounterpart. Both of the projeted rings are deformed based on the

projetion parameters. Again, the elevated ring is enlarged appropriately.

The primary ontribution of the 3D oating ring is a visual representation

of map projetion distortion for maps that ontain vertial salar data. An

arbitrary data point that lies above the earth's surfae an be thought of as

interseting a sphere that is onentri to the earth. The size of this sphere is

of ourse dependent on its elevation. This sphere de�nes a spae that is sep-

arate from, but dependent on, the spae of the original globe for the purposes

of mapping the data and points on the globe. Thus any portion of the globe

to be mapped has a orresponding portion of the elevation spae to whih it

is orrelated. Every point on the globe has a orresponding point in elevation
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spae. The two spaes, however, are not of equal size. Thus the data points

in elevation spae must be projeted di�erently, and possibly saled to the un-

derlying map projetion. The 3D oating ring tool does not seek methods to

orret this. Rather the purpose is to provide a visual tool that learly de�nes

the two di�erent spaes, globe spae and elevation spae, and provides a visual

link between them.

An important visual ue used in this method is a lear separation between

globe spae and elevation spae. On the globe window (Figure 15a), elevation

spae is delineated via a transluent sphere around the globe. The user ontrols

the elevation level, and thus the size, of the sphere. On the projetion window

(Figure 15b), the elevation is implied based on the 3D oating ring tool itself.

The elevation spae is orretly projeted, but not saled, so as to retain a lose

onnetion to the globe, as well as reality. Traditionally, salar data points

with a vertial omponent are simply saled to the underlying map and overlaid

diretly onto the map. This method has the disadvantage of hiding important

information, suh as the method of projetion and saling. By separating globe

spae and elevation spae, the 3D oating ring tool, along with the IMP system,

reates an alternative viewpoint for the user, one that avoids the ambiguities

ommon in traditional methods.

6 Conlusions

The goal of the Interative Map Projetions system is to enhane the ability

of users to understand map projetions by providing a highly interative en-

vironment from whih map projetions an be viewed and manipulated. The

visual link between the generating globe and the resulting projetion is the key

strength of the system. This system is an example of the expansion of tradi-

tional artography into an interative experiene aessible to those with varying

levels of artographi expertise, made possible by today's omputer tehnology

and in partiular, the visualization and graphial power available in modern

omputers.
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The oating ring tool represents a new type of distortion diagram. The

primary strength of the tool is the ability of the user to diretly interat and

manipulate the tool. Both angular and areal distortion are visualized based

on the size and shape of the deformed ring as well as olor mapping. The

oating ring tool allows qualitative and quantitative distortion analysis of points

as well as arbitrary areal extents. The oating ring overomes many of the

shortomings of traditional methods of map projetion distortion visualization,

mostly through the use of powerful, intuitive user interativity, and the subtle

e�etiveness of the irular shape in onveying distortion information through

shape deformation and olor.

The �eld of animated and interative artography has inredible potential

for expansion. Many of the restritions to the development of animated ar-

tography, suh as enormous storage and omputational power requirements, are

lifting as faster omputers beome more a�ordable and aessible. The abil-

ity to perform very large numbers of alulations and display omplex graphis

is within the reah of today's basi desktop systems. Hopefully muh more re-

searh e�ort will be expended to push the envelope of artographi visualization

to reate new tools and methods to aid users in reahing insight into omplex

geographial data.

The use of omputers and Geographi Information Systems to manage, store

and visualize geographi information opens up many new avenues, not only for

what we view but how we view the information. Interatively viewing and ma-

nipulating map projetions and map distortion tools represents just one of those

avenues, and is an attempt to use visualization methods to allow artographers,

students and others in the geosienes ommunities to enhane their understand-

ing of spatial geographi information and hopefully stimulate reative insight

from that information.
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7 Future Diretions

There is muh work that an be done to enhane the funtionality of the IMP

system. Creating better methods of omparison might inrease the e�etiveness

of the system. For example, reating a method for animating smoothly between

two projetions would aid users in their ability to see and perhaps understand

the di�erenes between similar projetions. This ould be expanded to somehow

quantify the di�erenes between the projetions. One method for ahieving

this is through the use of olor to di�erentiate between areas where the two

projetions are similar and where they di�er. If a partiular line in the gratiule

moved very little from one projetion to another, it would be olored a ool olor.

Likewise areas of the projetion that di�ered greatly would be olored a warm

olor. Here, the use of animation would emphasize the onnetions between the

olor and the gratiule pattern. Transpareny ould be used as an alternative to

olor as a method of visualizing the similarities between projetions. Areas that

are similar would remain opaque. In other areas, the level of transpareny would

be proportional to the degree of di�erene between two projetions. The use of

transpareny would provide an e�etive and simple way to ompare projetions.

Another exiting area of future researh, and one that ould be integrated

into the Interative Map Projetions system, is the ability of users to inter-

atively reate arbitrary map projetions. In Canters (1989) , a generalized

method for reating map projetions by representing the generi projetion fun-

tions as a pair of fourth-order polynomials is desribed. Di�erent projetions

are reated by hanging the thirty oeÆients of the polynomials. This proess

ould be implemented as an interative visual proess, whereby the user ould

have immediate visual feedbak from hanges made to the oeÆients. Suh a

tool would be exiting and an important ontribution to the �eld of artography

in exploring and perhaps disovering new map projetions.
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8 Appendix

8.1 Appendix A: Glossary of Cartographi Terms

We have inluded a list of artographi terms and their de�nitions for readers

outside of the geosienes. This is by no means an exhaustive list, and some

de�nitions may omit extraneous information that was deemed irrelevant given

the sope of this doument.

� Map: For our purposes, a graphial representation of geographi infor-

mation on the Earth's surfae.

� Map projetion: A mathematial system for transforming points on a

sphere (or other undevelopable surfae) to a developable surfae. Also, the

representation of points on a planar surfae resulting from a mathematial

projetion from orresponding points on a sphere (or other undevelopable

surfae).

� Developable surfae: A surfae that an be projeted onto a planar

surfae without distortion. Examples inlude ylindrial, oni and planar

surfaes.

� Distortion: In the ontext of map projetions, hanges in the sales in

the prinipal diretions of points on a projeted map with respet to orre-

sponding points on the globe. It an be thought of as the \strething" and

\squashing" of points on a map introdued by the system of projetion.

� Ellipsoid: A regular geometri �gure losely approximating the shape of

the Earth. Used in mapping as a simple alternative to the omplex shape

of the Earth.

� Geographi Information System (GIS): A omputer-based system

that proesses geographial information (MaEahren, Fraser, 1994) . Gen-

erally, the system is a database that outputs geographi information based
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on user queries. The output is ommonly in the form of a map, but may

also be textual and/or numerial.

� Meridian: A line of onstant longitude, extending from pole to pole.

� Parallel: A line onneting points of equal latitude, extending around

the globe.

� Great irle: Any irle on the globe whose plane passes through the

enter of the globe. The equator and pairs of opposite meridians are

examples of great irles.

� Gratiule: A network of latitude and longitude lines on a map.

� Gratiule spaing: Distane between parallels or meridians on a grati-

ule.

� Rhumb line: Also alled a loxodrome. A line of onstant ompass

bearing.

� Conformality: The harateristi of preserving the angular relationships

in a map.
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Figure 4: Interative Map Projetions system for interatively visualizing map

projetions. It is shown here with the oating ring tool for interative visual-

ization of map projetion distortion.
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Figure 5: Bounding box tool for seleting regions of interest in geographi

database query appliation.

Globe Floating Ring

Figure 6: Shemati of a oating ring on a globe. The ring an be moved in

any diretion and saled with simple mouse interation. The ring is projeted

in real time.
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Figure 7: Merator (left) and Polyoni (right) projetions. The entral merid-

ian is represented by the yellow-green longitude line. The Merator projetion

preserves angles but not areas, while the polyoni projetion preserves neither

angles nor areas.
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(A) (B)

Figure 8: Merator projetion and the oating ring. (a) View of the globe

insribed in a ylinder. (b) The resulting projetion. The image of the oating

ring on the globe is shown on the projetion. The area of the projeted ring

is larger at the poles than if plaed near the equator indiating larger degree

of distortion near the poles. Also note that the enter of the projeted ring

appears lower.
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(A) (B)

Figure 9: Polyoni projetion and oating ring. (a) View of the globe insribed

in a one. (b) The resulting projetion. The image of the oating ring on

the globe is shown on the projetion with both inreased angular and areal

distortion.
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Mollweide

Robinson

Wagner VII

Figure 10: Comparison of similar projetions using multiple rings.
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(a)

(b)

(c)

(d)

(e)

Figure 11: Use of animation and the Floating Ring Tool
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(a)

(b)

Max ScaleUnityZero

Figure 12: Two possible olormaps used to olor the oating ring. (a)

Magenta ! Cyan and (b) Cyan ! Magenta. Unity represents the sale

fators on the globe. The di�erene in angular or areal distortion is expressed

with respet to unity. Both olormaps an be used for either angular or areal

distortions. Figure 13 uses the olormap in (a) and Figure 14 uses the olor

map in (b).

Figure 13: Merator projetion showing a olored disk. The olors inside the

ring orrespond to amount of areal distortion aording to Figure 12 (a). Areal

distortion an be noted to inrease loser to the poles.
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Figure 14: Polyoni projetion showing a olored disk. The olors inside the

ring orrespond to amount of angular distortion aording to Figure 12 (b). It

an be observed that angular distortion inreases the further away from the

entral meridian (yellow-green longitude line).
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(a)

(b)

Figure 15: 3D oating ring tool on (a) globe and (b) projetion.
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