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Abstract—Time-series animation is a visually intuitive way to display urban growth. Animations of
landuse change for the Baltimore-Washington region were generated by showing a series of images one
after the other in sequential order. Before creating an animation, various issues which will affect the
appearance of the animation should be considered, including the number of original data frames to use,
the optimal animation display speed, the number of intermediate frames to create between the known
frames, and the output media on which the animations will be displayed. To create new frames between
the known years of data, the change in each theme (i.e. urban development, water bodies, transpor-
tation routes) must be characterized and an algorithm developed to create the in-between frames.
Example time-series animations were created using a temporal GIS database of the Baltimore—
Washington area. Creating the animations involved generating raster images of the urban development,
water bodies, and principal transportation routes; overlaying the raster images on a background image;
and importing the frames to a movie file. Three-dimensional perspective animations were created by
draping each image over digital elevation data prior to importing the frames to a movie file. © 1997

Elsevier Science Ltd
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INTRODUCTION
The United States Geological Survey, the
University of Maryland Baltimore County

(UMBC), the National Aeronautics and Space
Administration (NASA), and various local govern-
ment agencies are cooperating to assemble a tem-
poral database for the Baltimore—Washington
regional area to study the effects of 200 years of
human-induced change on the area. The database
integrates information obtained from maps, satellite
data, and census data from 1792 to 1992 for a two
degree by two degree area (Fig. 1). The data sets
planned are: urban development, principal transpor-
tation, population density, coastlines, agriculture,
forestiand, political boundaries, topography, hydro-
graphy, soils, geology, and wetlands. Layers that
have been completed as of this writing are: urban
development, principal transportation routes, coast-
lines, topography, and hydrography.

The development of the Baltimore—Washington
historical database is patterned after a study of
urban development in the San Francisco Bay area
(Acevedo and Bell, 1994; Kirtland and others, 1994;
Bell, Acevedo, and Buchanan, 1995). Using a geo-
graphic information system (GIS), the San
Francisco study created a temporal database of
urban development from historical maps and satel-
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lite data of the area. A time-series animation was
used to portray the growth in the area over a 140 yr
time period. The Baltimore-Washington study
extended this work by incorporating additional GIS
data layers and developing new visualization tech-
niques using the Baltimore—Washington database.

Details on assembling the Baltimore-Washington
temporal GIS are described in other papers
(Acevedo, Foresman, and Buchanan, 1996;
Crawford and others, 1996; Clark and others,
1996). This paper reviews animation techniques that
can be used with temporal cartographic data and
discusses their use in visualizing urban growth in
the Baltimore—Washington region.

BACKGROUND

Haber and McNabb (1990) define visualization as
“a series of transformations that convert raw simu-
lation data into a displayable image. The goal of
the transformations is to convert the information
into a format amenable to understanding by the
human perceptual system.” Visvalingam (1994)
pointed out that visualization can be done using
manual methods but has acquired the connotation
of requiring a computer and computer graphics for
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exploring and understanding the data. Time-series
animation is one type of visualization.

The growing availability of computer graphics
software, faster computers, and digital data from
many sources, has encouraged the use of visualiz-
ation in many scientific studies. Wolff and Yaeger
(1993) provide an overall review of visualization
techniques for science. Many authors have dis-
cussed visualization techniques for cartographic
data including Monmonier (1990, 1992), DiBiase
and others (1992), Dorling (1992), Kraak (1993),
MacEachren (1994), Openshaw, Waugh, and Cross
(1994), and Peterson (1995).

Tobler (1970) created one of the first computer-
assisted examples of animating geographic data.
From a model of population for the city of Detroit,
Tobler copied a series of static maps to individual
movie frames to create an animation. Although the
animation displayed the model results rather than
the actual urban growth of Detroit, the study did
demonstrate the use of animation techniques for
displaying temporal geographic data related to
urban growth.

Time-series animation is a visualization technique
ideally suited for the display and analysis of tem-
poral geographic data. Animated maps have been
found to be an ideal tool for conveying carto-
graphic concepts. Users can interpret animated
maps more quickly and easily than they can
interpret a static two-dimensional representation
(Koussoulakou and Kraak, 1992). In our work,
scientists, educators, students, urban planners, pol-
icy and decision makers, and the general public
alike have found the animations of urban land use
change to be much more interesting and stimulating
than traditional map products. Animation brings to
life for the viewer a dynamic process such as urban
growth and leads to faster and easier comprehen-
sion of the spatial patterns, trends, and rates of
change shown by the data. Just as a picture is
worth a thousand words, an animation is worth
much more than the input static images.

Cartographic animations are now technically and
economically feasible to produce (Gersmehl, 1990).
In our work, the cost of producing a simple anima-
tion was significantly less than the costs involved in
producing a traditional printed map. The major
cost in producing an animation is in the personnel
needed to develop and test the necessary raster
based visualization and interpolation tools. Once
these tools are developed the remaining cost is in
the personnel needed to generate the input data
frames. Having developed the animation tools for
the Baltimore-Washington database, a new compu-
ter animation can be generated in about 6h.
Overall the personnel and time expenditures are
minimal compared to the benefits derived from hav-
ing a product that dramatically conveys a temporal
process.
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Earlier papers by the authors on visualizing
the Baltimore-Washington temporal database
(Masuoka and others, 1995, 1996) discussed the
various types of visualization that can be used with
geographic data. This paper specifically focuses on
time-series animations and discusses the animation
methods used and the issues encountered in the ani-
mation process.

TYPES OF ANIMATION

Dorling (1992) discusses three types of animation:
(1) animating space or panning and zooming
around two-dimensional static images, (2) animat-
ing time or time-series animation of two-dimen-
sional images, and (3) three-dimensional animation
or using animation to investigate three-dimensional
structures. In time-series animations, each image
represents one moment in time. In Dorling’s other
animation categories, each image represents a differ-
ent viewpoint.

For this paper, time-series animations are classi-
fied into three categories: two-dimensional plani-
metric animations, three-dimensional perspective
animations with a fixed viewpoint, and three-dimen-
sional perspective animations with a moving view-
point. Two-dimensional planimetric animations
(e.g. Tobler, 1970; Acevedo and Bell, 1994) are the
simplest to produce since the data already exist in a
planimetric form. Three-dimensional time-series ani-
mations with a fixed viewpoint (e.g. Okazaki, 1994)
require that the temporal cartographic data be
draped over a digital elevation model to produce a
series of perspective images. Moving viewpoint
three-dimensional animations, first popularized by
the 3D terrain flythroughs, LA the Movie (Hussey,
Hall, and Mortensen, 1987), and Mars the Movie,
created at NASA’s Jet Propulsion Laboratory, are
produced the same way as the fixed viewpoint ani-
mations except that each image in the series is given
a different viewpoint location and look azimuth
when computed. To add the change in time dimen-
sion to these animations requires that the input
temporal cartographic data vary along with the
viewpoint location and look azimuth.

TIME-SERIES ANIMATION TECHNIQUES

Frame-based raster animations (Peterson, 1995)
are produced by showing a series of images one
after the other in temporal order. To create a
frame-based animation, a set of images or frames,
are created and then displayed sequentially to a
computer screen or video recorder. The effort
involved in producing an animation will differ
depending on the method used to create the frames
for the animation sequence. The easiest animation
to generate is one that simply displays the original
cartographic data sequentially. In this instance, the
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spacing of real time may be irregular if the time inter-
val varies between the mapped data layers. A slightly
better animation is produced by duplicating the orig-
inal input data an appropriate number of frames to
ensure that real time is mapped evenly to display
time. Unfortunately, these animations give a false im-
pression of long periods of no change followed by a
sudden change within an area. The more sophisti-
cated animations use interpolation to create inter-
mediate data frames to improve the visual perception
of spatial changes. The interpolated animations,
although probably more representative of reality
than the non-interpolated animations, still may lead
to misinterpretation of the data since the interp-
olation of the data may make spatial changes appear
smoother than they actually are.

Cartographic data such as maps of wetlands,
agriculture, forestland, or built-up land are easy to
animate because they represent spatial features that
can be presented as two-dimensional polygons that
change size and shape over time. Other carto-
graphic data types such as maps of population den-
sity and socio-economic data are more difficult to
animate. These types of data require cartographic
techniques such as contours, color gradations, or
symbols to represent a single moment in time. To
animate these data requires a decision by the ana-
lyst on how to change the contours, colors, or sym-
bols in a way that will convey the change in the
data to the viewer.

The storage and manipulation of temporal GIS
data (Langran, 1993; Peuquet and Duan, 1995) has
been discussed in the literature. Storage methods
range from “snapshots” of points in time to sophis-
ticated database structures that are organized based
on time. We have used the ‘“snapshots” in time
method both to store the data in the GIS and as a
basis for the wurban development animations.
Although the “snapshots” require more storage
space, they were the logical choice for developing
the Baltimore—Washington database and the anima-
tions. The original input data was in the form of
“snapshots™ (historical maps and Landsat images).
The programs that were used to create the anima-
tions required input “‘snapshots” in time to create
the interpolated intervening years of the animation.

ANIMATION ISSUES TO CONSIDER

Various issues should be considered when plan-
ning to create a time-series animation of carto-
graphic data. These issues may influence the
animation design (Gersmehl, 1990), development of
the temporal GIS database and the methods used in
the animation process.

Number of original cartographic data frames

In producing a time-series animation, the greater
the number of original data frames the better the
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representation of the real-world process. At a mini-
mum two frames or temporal views are required
since they establish the two temporal end members
from which intermediate data frames can be gener-
ated. Increasing the number of temporal input data
sets can be difficult since it requires additional car-
tographic effort and the availability of additional
source materials.

Animation display speed

Selecting an appropriate display speed for a car-
tographic animation is crucial to the communi-
cation of changes or trends seen in the data
through time. Determining the optimal display
speed involves many factors including an under-
standing of human visual perception and cognition,
the intended purpose or objectives of the animation,
and the rate of change within the data itself. The
ideal situation is for the user to be able to interac-
tively select the display speed. A limited interactive
capability is possible with some computer movie
files. Control of display speed is even more limited
with animations recorded to video tape. Some pro-
fessional quality video recorders can provide a vari-
able speed control whereas some home consumer
VCRs provide only one or two viewing speeds.

The viewing speed of an animation is a form of
temporal scale. In our work dealing with urban
development, a unit of years-per-second (yps) was
adopted for reference purposes. In recording to
video tape, a speed of 5 yps was chosen by trial and
error assuming the animation could be repeated a
number of times. A 200-yr sequence thus lasted
40 sec (200 yr/Syps). This speed allowed enough
time to enable important patterns to be tracked but
was not slow enough to loose the viewers attention
span particularly in the earlier years when change
was occurring slowly. For interactive computer ani-
mations of urban growth, display speeds from 5-
50 yps were found to be ideal depending on the
viewing objective.

The amount of variation or change through time
was found to be a major factor affecting a viewer’s
response to display speed. If the animation sequence
is shown too slowly, the communication of the
change or trend is not achieved. If the sequence is
shown too quickly, the viewer does not have
enough time to process and comprehend the mental
image that is formed. Our experiences with anima-
tions of meteorological data and vegetation green-
ness information identified optimal display rates in
units of hours-per-second and days-per-second re-
spectively. Further work in temporal frequency and
display speeds must be done to adequately match
display speed to human perception.

Number of animation frames

After selecting a display speed, the required num-
ber of animation frames must be calculated in order
to ascertain if intermediate data frames are needed.



Time-series animation techniques for visualizing urban growth

As an example, if one desires a display speed of
5 yps for a video showing 200 yr of urban growth it
would be necessary to record 40 sec of video tape
(200 yr/5 yps). Since television video normally plays
at 30 frames-per-second (fps), 40 sec of video would
require the recording of 1200 video frames
(30 fps*40 sec). Since the Baltimore-Washington
temporal GIS database consists of only ten original
data frames, other interpolated frames are either
needed or the original data must be recorded to
muitiple frames of video. Similar calculations are
used when creating computer movie files but with
the exception that computer display speeds are vari-
able, hardware dependent, and do not approach the
frame speed of video. An average maximum play-
back speed of about 8 fps for movies playing on the
computer was experienced while animating the
Baltimore—~Washington data sets. As an example, a
movie speed of 5 fps on the computer would trans-
late into a data requirement of 200 frames
(5 fps*40 sec). Again, additional data layers need to
be interpolated or the original data must be dupli-
cated or displayed at a slower speed.

Temporal interpolation

If additional data frames are needed or desired,
cartographic data interpolation techniques can be
used to create intermediate or “in-between” frames.
The interpolation of intermediate data frames not
only helps maintain the appropriate display speed
but also helps to create a smoother transition
between large changes in the temporal data and
minimizes the visual distraction from the sudden
changes that result if animating a limited temporal
database directly. As a general rule, the more
frames in the animation sequence the smoother the
visual perception of change and movement. The
better the interpolation technique, the more realistic
the simulated data will be. Of course, this artificial
visual smoothing may lead an analyst to hypoth-
esize different processes than are in fact at work,
but our experience has been that the advantages of
data interpolation far outweigh the disadvantages.
If the user understands the interpolation procedures
used and remains cognizant of potential artifacts,
the observed overall trends, spatial patterns, and
rates of change should be valid.

Developing animations for different media

Animations can be displayed on computer
screens, recorded to video tape or put on the World
Wide Web. Because of differences in these media,
animations must be tailored to the requirements of
the output media. For example, certain colors that
look fine on the computer screen, (bright red [255,
0, 0 as red, green and blue] and bright yellow
[0, 255, 255]) will saturate and bleed when recorded
to video tape and must be toned down to more
muted shades. While the muted shades look
fine on the video tape, they do not look as
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good on the computer screen, so two versions of
the same animation must be made for different
uses.

Image size is also an issue to consider when
working on animations for different media. Video
tape recordings require the images to be a specific
image size depending on the equipment used. In
our work we encountered size requirements of
either 486 lines by 648 samples or 486 lines by 720
samples. Animations for the World Wide Web
should be generated with the size limitations of the
viewer’s computer screen in mind. Animation file
size in bytes should also be considered when mak-
ing animations for the World Wide Web since the
size will determine how long it takes to download
the file.

CREATING INTERMEDIATE FRAMES

Creating intermediate frames requires that one
understands and characterizes the process to be ani-
mated. Because different cartographic themes (water
bodies, land use, transportation etc.) change in
different ways over time, a separate method must
be developed for creating the intermediate frames
of each theme that will be shown on the final ani-
mation. For this study we developed frame interp-
olation methods for three themes, urban growth,
hydrographic features, and principal transportation
routes.

Urban growth

Animation of urban growth requires the charac-
terization of urban development over time. In gen-
eral terms, the urban growth process is seen as an
organic growth from a spreading center with natu-
ral infilling and leap frog development occurring
spontaneously, usually along the road network.
Urban growth typically results in an increase in the
spatial extent of an urban area with some rare
instances where a decrease in spatial extent could
occur. An understanding of these characteristics is
needed in order to create the intermediate data sets
that simulate the spatial extent of thematic data for
urban or built-up land.

The authors first developed a simple interpolation
algorithm based on a linear distance measure of the
closest starting and ending urban growth bound-
aries. This distance measure was used to determine
the year in which a pixel was urbanized. The algor-
ithm calculated distances along horizontal, vertical,
and diagonal lines. The algorithm worked fairly
well, especially, at small spatial scales, but tended
to produce a star like outward growth along the
search directions.

An improved algorithm was adapted from a cel-
lular automaton model of urban growth (Clarke,
Gaydos, and Hoppen, 1996). The simulation pro-
gram defines a set of initial and ending conditions
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that are based on the location of cells correspond-
ing to the spatial extent of the starting and ending
data sets. A set of complex behavior rules are then
used to determine if a cell grows. The behavior
rules involve selecting a cell, investigating the prop-
erties of the neighboring cells, and either urbanizing
the cell or not, depending on a set of probabilities
(weighted by local conditions). The current beha-
vior rules account for spontaneous new growth, dif-
fusive growth, and spread of a new growth center,
organic growth, and road influenced growth. The
urbanizing cells are assigned to the output data sets
using a linear or logarithmic growth projection
assigned by the user.

Hydrographic features

The animation of hydrographic features requires
a characterization of the loss of navigable rivers by
siltation, the development of reservoirs for water
supplies, and the changing shoreline resulting from
erosion and harbor development. The appropriate
GIS data and an understanding of these character-
istics are needed in order to create the intermediate
data sets that simulate the spatial extent, appear-
ance, and disappearance of the various hydro-
graphic features.

To convey the natural and human-induced infill-
ing of the Chesapeake Bay, a preliminary animation
simply displayed the mapped shoreline without in-
terpolation. The visual results appeared confusing
and distracting as the shoreline abruptly shifted in
position and also appeared to oscillate as it
expanded and receded (Fig. 2). The experience
identified problems in the positional accuracy of the
temporal shoreline and indicated the need for an al-
gorithm to simulate a receding or expanding shore-
line. Until an algorithm can be developed, it was
decided to use only modern shorelines in the urban
development animation. Because of the environ-
mental importance of the changing shoreline, this
aspect of data visualization will be revisited in
future research.

The cartographic animation of reservoirs pre-
sented a different visualization challenge since reser-
voirs need to be shown as they are built and filled
with water. Because reservoirs generally fill in less
than a year and a year is displayed for less than a
second on the animation, each reservoir was added
abruptly in the year the dam was completed.

Principal transportation routes

The animation of principal transportation routes
requires a characterization of the construction of
the roads and railroads that provide the infrastruc-
ture for development of the urban core. A historical
understanding of road construction and the pro-
gression from unpaved dirt roads to multi-lane
interstates is necessary to examine properly the
visualization options available to create intermedi-
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ate data sets that simulate the development of prin-
cipal transportation routes.

Most of the literature on map animation deals
either with changes in area representation or with
objects that change position. The cartographic ani-
mation of principal transportation routes presents a
new visualization challenge for several reasons. The
primary reason is that transportation deals with lin-
ear map features (rather than areas) that “grow” by
the addition of more line segments. Roads that
start as a small line segment, may take years to be
complete and become ‘‘principal” transportation
routes. A second reason is that principal transpor-
tation routes are a classification designation which
means that routes can change in significance over
time requiring that they either cartographically dis-
appear or change in symbology. A third reason is
that linear features appear to be much more sensi-
tive to the positional accuracy of the cartographic
database. Oscillations were noticed in the roads on
some of the earlier animations.

Early Baltimore—Washington animations contain-
ing transportation data show the principal transpor-
tation routes abruptly appearing and disappearing
in the year in which they appear and disappear in
the temporal database (Fig. 3). Some transportation
routes remain important throughout the 200 yr time
period but some lose their importance and are
removed from the database as the interstates and
beltways are built. Although information is con-
veyed by these animations the abrupt transitions
are distracting.

A refinement of the first visualization was to have
new roads fade in and roads that are no longer
principal routes fade out. Ideally, the transportation
database should contain attributes for each road
segment showing when the segment was completed
and what year the road is no longer considered to
be a principal route. On an animation, this would
allow the appearance of individual roads in the
proper year and the disappearance of roads in the
proper year. However, since road information of
this sort is not available for the Baltimore—
Washington area, an algorithm was developed to
show roads fading in and out by modifying the
road’s color intensity.

Another alternative animation strategy will be to
redefine the principal transportation classification
system and allow the road network to grow cumu-
latively with a multilevel road designation that only
increases. This design portrays the roads as they are
built and also designates their usage and thus their
importance using color intensity.

SPECIFIC PROCEDURES TO CREATE
ANIMATIONS

The creation of time-series animations involves a
number of steps (Fig. 4). Okazaki (1994) used a






