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Foreword 

The Geographic Information System (GIS) can perform two major functions useful to admin­
istrators, design and operating engineers, and planners. These include (a) computerized visual 
map displays for accessing, interrogating, and presenting data from a wide variety of sources, 
and (b) integration (linking) of data on a common location system. Infrastructure management 
is emerging as a strong application of the GIS. The eight papers in this Record deal with the 
technical development and applications of the GIS. 

Four papers are concerned with applications of the GIS. Petzold and Freund offer potential 
extensions of GIS to highway infrastructure applications such as transit route planning, traffic 
signal control inventory, parking management, and traffic volumes and impacts; they discuss 
issues to be addressed, referencing systems, software and hardware tools, and recent activities. 
Simkowitz discusses essential components of a pavement management GIS and its imple­
mentation. 

Abkowitz et al. illustrate how data in a GIS can be used to plan shipment routes for 
hazardous materials. VanBlargan et al. explain the applications of GIS to hydrologic analyses, 
specifically automatic delineation of watershed areas and estimation of hydro logic parameters. 

Four other papers are concerned with the technical development of GIS techniques and 
tools. Von Essen et al. provide information relevant to the selection of GIS workstation 
vendors, development of performance criteria and tests, evaluation, and recommendations 
for procurement. Paredes et al. present the results of a study in which the analysis routines 
in MICRO-PES (a series of programs used for pavement management activities in the Texas 
SDHPT) are used to generate maps for highlighting substandard pavement sections. 

O'Neill and Akundi describe the development of a microcomputer model for the conversion 
of milepoint data to intersection/link format. Wigan discusses the potential of using optical 
storage media (laser disks) for solving the problems of handling massive amounts of data in 
integrated GIS systems. 

v 
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Potential for Geographic Information 
Systems in Transportation Planning and 
Highway Infrastructure Management 

ROGER G. PETZOLD AND DEBORAH M. FREUND 

As increasing demands are placed on the nation's highway infra­
structure, governments at all levels are required to meet these 
needs with fewer staff and lower budgets. The efficient use of 
information throughout an organization becomes not only a polit­
ical, but an economic imperative. Geographic information sys­
tems (GISs) may play a central role in serving users in executive, 
administrative, technical, and support staff positions. GISs pro­
vide an intrinsically logical, visually oriented display of infor­
mation. Because many users are far more interested in, and more 
attuned to, their quantitative information under consideration 
than in the methods used to retrieve it, this visual interface is a 
critical element in the system. Additional information manage­
ment tools, contained in some GISs and compatible with others, 
provide gateways to the applications required by the users; these 
include relational data bases, numerical analysis models, photolog 
records, decision support systems, and economic assessment and 
budgeting procedures. At the state and national level, many of 
these applications are operational, or are in the advanced devel­
opment stage. A framework for development of a GIS is required 
for various applications; a number of these applications are assessed 
within that context. GIS applications that will be addressed are 
(a) the FHWA Geographic Roadway Information Display Sys­
tem, (b) FHWA's GIS for policy analysis, (c) Wisconsin DOT 
GIS for pavement management, (d) North Carolina GIS for the 
Division of Highways, and the (e) FHWA/Columbia Metropol­
itan Planning Organization, application of the Bureau of the Cen­
sus, the Topologically Integrated Geographic Encoding and 
Referencing system for a metropolitan planning organization. 

The geographic information system (GIS) could be used as a 
tool for highway infrastructure management in a way similar 
to its current application in land-based information. GIS pro­
cedures provide a coordinated methodology for drawing 
together a wide variety of information sources under a single, 
visually oriented umbrella to make them available to a diverse 
user audience (Figure 1). GIS tools can be applied to aid 
technical and administrative specialists both in managing costly 
and intensively used resources and in supplying information 
to decision makers. 

Highway infrastructure management systems generally con­
sist of a number of individual modules, often operated inde­
pendently of one another. These modules include construc­
tion quality control, pavement management, maintenance 
management, bridge management, traffic systems manage­
ment (traffic operations management for traffic corridor anal-

R. G. Petzold, Office of Planning, FHWA, 400 7th St., S.W., Wash­
ington, D.C. 20590. D. M. Freund, Office of Engineering and High­
way Operations, FHWA, 6300 Georgetown Pike, McLean, Va. 22101-
2296. 

SPATIAL 
ANALYSIS 

FUNCTIONAL MAPS 
CUSTOMIZED REPORTS 

SouRcE: NC DOT, Division of Highway, Geographic Information System Task 
Force, Feasibility Report, May 1988. 

FIGURE 1 Geographic information system. 

ysis, highway construction-oriented rerouting, hazardous 
materials routing, incident management, and safety elements 
management) roadside safety appurtenances, and accident 
data. 

Thus, potential applications for GIS in highway infrastruc­
ture management include the following: 

•Executive information system, 
• Pavement management system, 
•Bridge management, 
• :Maintenance management, 
•Safety management, 
•Transportation system management (TSM), 
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• Travel demand forecasting, 
• Corridor preservation and right-of-way, 
• Construction management, 
• Hazardous cargo routing, 
• Overweight/oversize vehicle permit routing, 
• Accident analysis, 
• Environmental impact, 
• Land side economic impact and value-capture analysis, 

and 
•Others. 

Although not often included in the management system, 
highway agencies also place a significant emphasis on sur­
veying and designing new and reconstructed facilities. In addi­
tion, the costs of financing, constructing, and operating these 
facilities are tracked , although this information may be highly 
aggregated for some items and disaggregated for others. His­
torically, these modules have been the responsibility of diverse 
organizational elements in a highway agency. Each organi­
zational element has developed methods for information gath­
ering, organization , access, and analysis suited to its own 
particular operations. The diversity in information manage­
ment practices throughout a highway agency can easily mask 
their common highway system concerns. 

A highway agency elects to use GIS tools to aid in the 
decision-making process for many reasons. Many of these 
have been discussed by Simkowitz (J). The rationale may be 
grouped into two major objectives. 

1. Map/display provides a familiar, visually oriented basis 
for accessing, interrogating, and presenting data from a wide 
variety of sources . These functions are important to all users 
at all levels, from the technician to the executive. 

2. Data integration develops a logical, coherent , consistent 
platform from which to integrate diverse data bases. Events 
and information under one office's responsibility may affect 
how another office conducts business. For example, the pave­
ment surface data collected by the materials section is directly 
related to the location of some wet-weather accidents in which 
loss of skid resistance was a contributing factor. FHW A's new 
policy on pavement design and management recognizes the 
key role of integrated information sources. The policy further 
states, "A means of linking data to physical locations should 
be integral to the design of a data base system, as this can 
provide for significant additional capabilities to other data 
sources maintained hy a [State Highway Agency] ... " 
(Figure 2) (2). 

Information flow becomes more critical as agency staff lev­
els continue to drop and highways become more expensive 
to build and maintain. In this information age, groups that 
lose access lose the ability to make informed decisions. When 
billions of dollars worth of infrastructure investment, millions 
of hours of lost user time, and thousands of lives are at stake, 
the severity of the problem is highlighted. 

WHAT IS NEEDED TO GET STARTED? 

Application 

The agency must identify potential issues that can be addressed 
through a GIS application more efficiently, more effectively, 
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and more economically than with prevailing methods. The 
time spent at this stage can be the most creative, and the most 
frustrating for the agency's working group. The real institu­
tional need to avoid large risks by developing small pilot 
applications and system prototypes must be balanced by the 
technological necessity of providing sufficient flexibility for 
future growth. Additional and expanded information sources 
will need to be incorporated, along with links to analysis tools 
that cannot rely on formal data bases and data base con­
structs-engineering analysis software and knowledge-based 
systems. 

Once an organization has committed itself to a specific tool, 
it may then be restricted to selecting applications that fit the 
tool's requirements. It is preferable to select the application 
first and then find a tool with a range of functions best suited 
to addressing its needs. Granted, a balance should be struck 
between the feasibility of using tools in which the organization 
has a sizable investment (such as mapping and CADD/CAM 
products) that might be amenable to functional modification, 
and the risk of trying a new product with its attendant start­
up cost and learning curve. Limiting the size or geographic 
extent of pilot projects and arranging for short-term software 
licensing and hardware leasing can minimize the dollar invest­
ment. More important, the end users must have hands-on 
experience with the application. To hire a consultant to rec­
ommend products or to depend on the vendors themselves 
for their recommendations may be more expedient, but agency 
staff must be sufficiently familiar with the applications, and 
the agency's institutional organization, to be able to assess 
potential of the application for successful implementation. 

Location Referencing System 

A GIS-based application has as its foundation the latitude, 
longitude, and, if needed, elevation of point locations. In a 
survey conducted by Tom Henderson of the New Mexico 
Department of Transportation, it was found that the Depart­
ment used 10 location reference systems; the system used least 
frequently was the latitude-longitude coordinate (3). 

By its nature, a GIS-based application forces a certain degree 
of formalization and consistency into the process of differ­
entiating one highway network or roadside location from 
another. Unlike most natural features, highways do occa­
sionally move through rerouting and relocation. These changes 
may generate some creative location referencing schemes in 
milepost-oriented systems, but may have little or no effect if 
link-node systems are in use. Even if a road is rerouted and 
reconstructed, there may still be a need to retain data on the 
original road from the information system. 

An agency can make a choice. It may mandate the use of 
a single location referencing system or it may develop a method 
to convert the prevailing location reference systems to geo­
graphic coordinates . Given the large investment in existing 
data bases and the potential in the near future to obtain lat­
itude and longitude quickly and easily using global positioning 
systems, the second option is generally preferred. Once the 
conversion to latitude-longitude references is completed, the 
agency is capable of accessing both archival and contempor­
ary data, using a single location reference key, without chang­
ing the way the data collection activities themselves are 
conducted. 
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SouRcE: NC DOT, Division of Highway, Geographic Information System Task 
Force, Feasibility Report, May 1988. 

FIGURE 2 GIS for transportation. 

If the intended applications extend beyond the realm of the 
highway infrastructure itself, the referencing system should 
be organized to dovetail with the location-referencing schemes 
developed for other information sources. A prime example 
of this is the U.S. Bureau of the Census information coded 
in the Topologically Integrated Geographic Encoding and 
Referencing (TIGER) geographic support system. TIGER, a 
major departure from previous methods of encoding census 

data , is necessary for developing transportation forecasts. All 
data for the 1990 census will be referenced to the TIGER 
files by latitude and longitude. Thus, by using a location ref­
erencing system that incorporates latitude and longitude coor­
dinates, an agency will be able to take advantage of available 
population data such as total population, population by time 
of day, and journey to work for transportation planning stud­
ies . These geographic coordinate systems are already used 
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by state and federal agencies for land-based applications, 
most notably natural resources. As an example, data from the 
U.S. Geological Survey and the U .S. Environmental Protec­
tion Agency can be used to analyze information and prepare 
documents for environmental impact assessments. 

Information location accuracy is a function of the intended 
use. In general, an accuracy of 0.01 mi (about 50 ft) will often 
be sufficient. A higher degree of accuracy is needed if the 
information will be used as a direct design input. This is dis­
cussed by Nyerges and Dueker ( 4). Recent projects and con­
ferences addressing the issue of referencing systems and the 
integration of highway information include the following: 

• NCHRP Synthesis 133: Integrated Information Systems. 
• NCHRP Project 20-23: Integration of GPS Satellite 

Surveying with Digital Mapping. 
• AASHTO, FHWA, and others: GIS in Transportation 

Symposium, Orlando, Florida, Feb., 1989. 
• Urban and Regional Information Systems Association 

conferences. 
• FHWA Oatabank pilot. 
•Strategic Highway Research Program: geographically ref­

erenced data. 
• FHWA pooled-fund study: state-of-the-art roadway pho­

tologging. 
• Proposed national data base of soil types for road and 

airfieid design. 
• NCHRP Adaption of Geographic Information Systems 

for Transportation Project 20-27. 
• FHW A, Demonstration 85, Geographic Information Sys­

tem and Video Imagery. 
• FHWA TIGER pilot studies for Columbia, Missouri; 

Johnson City, Tennessee; Washington State; and St. Louis, 
Missouri. 

• FHWA/NASA/Ohio DOT, Multi-State Study, Global 
Positioning System (GPS) for Transportation Planning. 

Tools 

There is an extraordinary range of software packages that are 
presented as tools for developing GIS applications. The July/ 
August 1989 issue of GIS World (5) listed 63 GIS software 
systems currently available. Most of these are sold as appli­
cation software only or as turnkey systems that include hard­
ware, software, and user training. A few are offered as con­
sulting services. Some of the products such as base networks 
or data files for which the user must develop data input and 
retrieval routines, are limited in form but broad in scope. A 
summary of these offerings follows: 

AGIS 
ARC/INFO 
Aries 
ATLAS Graphics 
Axis Mapping Info 
Cries-GIS 
Oeltamap 
Earth One 
EPPL7 
ERDAS 
File Vision IV 
FMS/AC 

Gas, Electric, Water 
and Municipal FM 
Geo Sight 
Geo-Graphics 
Geo Spread Sheet 
Geo Vision 
Geo Vision "GeoPro" 
Geo Vision WOW 
GFIS 
Gimms 
GISIN 
GOS 
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GRASS Nucon GIS 
IDRIS! Pamap GIS 
IGDS/DMRS Panacea 
IMAGE PC ARC/INFO 
Infocam PMAP 
Informup SIC AD 
LandTrak SPANS 
Laser-Scan StrataGIS 
Mac GIS STRINGS 
Mac Atlas System 600 
Mac Gis System 9 
Manutron GIS Territem/Mgtsys 
Map Grafix Tiger tools 
Map II TIGRIS 
Map Info UltiMap 
MatchMaker/GOT USEMAP 
Micropips VANGO 
Micro Station GIS Zone Ranger/GOT 
MIPS MunMap 
MOSS Topologic 

Hardware platforms for GIS tools range from stand-alone 
microcomputers to networked minicomputers, workstations, 
and mainframes. This array suits the potential range of appli­
·cations and attendant need to share information sources, 
intermediate combinations of source data , and output 
products. 

In summary, the three driving elements of applications, 
referencing systems, and tools must fit together in a cyclical 
decision process. Location referencing requirements that are 
developed must find their counterpart tools to achieve them . 
Applications themselves may well drive the selection of the 
referencing system. With many tools available and more being 
developed, the agency should select tools to fit the applica­
tions, and not settle for having the tools define them. The 
agency must also look at the wider picture to try to avoid 
premature selection decisions. 

GISs in Transportation 

Although most states have had several years' experience in 
computer-aided drafting and design and in computer-aided 
mapping (CAOD/CAM), their introduction to GIS applica­
tions has been limited. Most of the GIS products currently 
on the market cater to local government needs for parcel­
oriented information management such as zoning, land use, 
and natural resources. Few are designed to deal specifically 
with complex point, network, and area impact information 
that would be used by a transportation agency-most of the 
network-based products on the market are designed for use 
by cable and pipeline utilities and are designed around trans­
mission system characteristics . Some vendors of CAOO/CAM 
systems are developing methods and products for adding geo­
graphic location codes to existing files because current con­
version methods are relatively slow and costly and do not 
necessarily guarantee consistent coding across map sheets. 

Although the use of GIS tools to manage large amounts of 
highway data maintained by diverse departments in a state 
highway agency is emphasized, the data sources themselves 
must be considered. Every state has its own set of sources 
with different contents, formats, collection and review cycles, 
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and degrees of accuracy. The data sources may be maintained 
on a single mainframe computer, on a network of computers, 
on paper forms or maps, or (most likely) a combination of 
them. The various departments, bureaus, or offices each has 
its own needs for information, and expectations of the picture 
its analyses should provide. Coordinating among a diverse 
group of users requires that the individual needs be met while 
providing an overall view of the information to legitimate users 
throughout the department. Conversion of individual infor­
mation sources is time consuming, exacting, and often tedious 
manual labor. The planning for information coordination may 
take as long as the conversion process itself. 

APPLICATIONS 

Applications are the true test of any tool's usefulness. This 
section provides a discussion of current GIS applications at 
the federal, state, and local levels. At the federal level, two 
efforts will be described: first, the development of a GIS 
system to display and analyze the Geographic Roadway Infor­
mation Display System (GRIDS) Highway Performance 
Monitoring System (HPMS); second, the development of a 
1:2,000,000 scale GIS for highway policy analysis used in eval­
uating the Status of the Nation 's Highways (6). At the state 
level, two statewi~e GISs are in the implementation stage: 
Wisconsin DOT's implementation of a GIS for highway infra­
structure management that targets pavement management for 
its initial application; and the North Carolina DOT's imple­
mentation effort to create a business management tool for 
highway management. At the local level, a pilot effort by 
Columbia, Missouri, to test the usefulness of the TIGER line 
files as a base map for a GIS will be reviewed. These five 
applications of GISs for highway infrastructure manage­
ment-from national policy, nation system condition, and 
state system management to local safety management and 
analysis-demonstrate their broad range. These five exam­
ples show why GISs are an important technology at all levels 
of government for managing our highway infrastructure. 

GRIDS 

The FHW A developed a sample-based approach to access the 
condition of the Nation's highways using key data items from 
the HPMS. The FHWA Office of Planning developed the 
GRIDS system as a tool to display and analyze data on the 
Interstate highway system. GRIDS is a microcomputer-based 
software package that can display any data item on a state 
map of the Interstate system. GRIDS begins by showing a 
map of a specific state that includes state and county bound­
aries, city location, population , and the Interstate highway 
network (Figure 3). GRIDS can zoom in on any section, 
produce pie or bar charts, display specific data items, and 
look up specific highway section data. The digital base map 
in GRIDS is the Oak Ridge National Laboratories (ORNL) 
1:2,000,000 scale National Highway Network. 

In the future, the FHWA hopes to continue to develop its 
GIS capabilities by placing all of the HPMS data on three 
different GIS systems (Arc/Info, TransCAD, and MunMap). 
This policy will improve data distribution and enhance FHWA's 
analysis capabilities. 
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GIS for Policy Analysis 

The FHW A Office of Policy developed a G IS system to eval­
uate the National Highway Network and to evaluate the impact 
of future highway policy changes. The system is based on the 
1:2,000,000 national highway planning network developed by 
Oak Ridge National Laboratory (ORNL) (7) with support 
from the U.S. Army Forces Command, the FHWA, and the 
Military Traffic Management Command . The system operates 
on a Compaq 386 microcomputer and uses PC Arc/Info soft­
ware. In the last year, a large volume of data has been added 
to the basic Oak Ridge 1:2,000,000 highway network data 
base. To enhance the ability to analyze the current conditions 
of the Nation's highways and access the impact of new poli­
cies, the following data sets have been added to the basic 
network: 

• 1987 HPMS Interstate, 
• Interstate truck volumes, 
• State boundaries, 
•County boundaries, 
• Congressional districts, 
• Urban areas, 
•Ports, 
• Airports, and 
• Census population and employment data. 

In the future, the following databases will be added: 

• Additional county attributes including manufacturing and 
agricultural data, 

•Network link AADT, and 
• Interstate bridges. 

This comprehensive data base in a GIS allows the FHW A to 
respond quickly to congressional questions, analyze the impact 
of proposed changes in policy, and integrate many data bases 
for timely analysis (Figure 4). 

As part of the evaluation process of the post-Interstate 
Federal role, the FHWA Office of Policy GIS system is cur­
rently being used to identify each state's defined "System of 
National Significance ." In the future, this system will be used 
to determine priority routes. Criteria will be developed to 
determine a route's importance on the basis of such items 
as population, employment served, and proximity to ports. 
In addition, network analysis to find alternative routes on 
the basis of link impedances between specific points will 
be explored. This GIS will be enhanced constantly to allow 
the FHWA to respond quickly to policy issues and to evaluate 
in more detail the impact of changes in highway policy as 
new legislation is being proposed for the post-Interstate 
period. 

A FEW RECENT GIS ACTIVITIES FO~ 
MANAGING PAVEMENTS 

Several technical applications have used the ORNL 320,000-
mi geocoded network of Federal Aid Interstate and Primary 
highways. These systems include the Pavements Databank, a 
gateway data base manager to several collections of pavement 
research results and pavement management information 
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systems, as well as several state pavement management 
information and feedback systems. 

The Pavements Databank pilot project is complete. Diverse 
files containing detailed pavement information for roadways 
in Minnesota-HPMS, Concrete Pavement Evaluation Sys­
tem (COPES), and the state's own pavement management 
system have been converted to compatible formats. Field site 
location codes have been placed in the proper order for dis­
play on a map of the roadway network . The map display also 
includes the U.S. National Oceanographic and Atmospheric 
Administration (NOAA) first-order weather stations (8). 
Documentation has been prepared describing the applica­
tion's use of ORNL's highway network file at the NIH com­
puter facility, as well as techniques for conversion of the indi­
vidual source data. A potential application for the Pavements 
Databank is to provide a ready source of information on soil 
types for preliminary road and airfield design in remote areas 
when there is insufficient time to prepare detailed soil studies. 

The Strategic Highway Research Program (SHRP) long­
term pavement performance (L TPP) study will assemble a 
massive library of pavement inventory and condition data over 
the next 20 years (9). Locations are coded by beginning and 
ending milemarks and stations in the inventory section. The 

300.0 '+00.0 500.0 600.0 

environment section includes the latitude and longitude to place 
the section in a climate zone defined for highway technology 
(Thornwaithe Index). 

Several states are exploring GIS technology as a tool in 
highway research and pavement management. Texas and Cal­
ifornia base their statewide highway information management 
systems on the HPMS model; California explored the GRIDS 
system. Illinois is developing a so-called "Pavement Feedback 
System," which uses a highway network digitized by the State 
Department of Natural Resources. Texas, California, and 
Tennessee use global positioning system (GPS) satellite ref­
erencing in surveying and mapping . Ohio, New Mexico, and 
Louisiana may explore the same technology. 

STATE AND LOCAL GIS PILOT STUDIES 

Wisconsin 

The Wisconsin DOT is implementing a GIS using the Arc/ 
Info software and the 1: 1,000,000 digital line graphs from the 
U.S. Geological Survey. The first area selected for imple­
mentation was a statewide pavement management system using 
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expert system techniques. The GIS will store and access the 
wide range of data (materials, traffic, design, maintenance, 
rehabilitation, etc.) needed in pavement management and 
graphically display the system's current pavement condition, 
proposed projects, and future condition projections. 

In the Green Bay district, a full-scale pilot of the system is 
underway and scheduled for completion in February 1990. At 
that point, the system will be expanded to include all districts 
using UNIX-based engineering work stations. 

An innovative feature of the Wisconsin GIS is the integra­
tion of photolog information (video images) on laser discs 
directly into the system. By using laser discs, the GIS system 
can access both digital and image data (raster data). This 
feature will allow photologs, as-built plans, inspection reports, 
and any other information suited to a photographic or scanned 
image to be included. 

The Wisconsin DOT sees GIS as a tool to build many 
applications that deal with geographic information (10). Over 
the long-term it would also seek to 

• Integrate data bases, 
• Reduce repetitive data entry, 
• Integrate new technology, 
• Improve analysis results, and 
• Develop applications more quickly. 

North Carolina 

In February 1988, the North Carolina DOT formed a GIS 
task force to determine the feasibility of developing a GIS 
system for transportation (11). They thoroughly reviewed 
existing GIS technology, GIS application in other states, and 
their existing computing environment. The conclusions of the 
task force report were 

1. A GIS is feasible; 
2. Initial implementation should be pavement manage­

ment, traffic engineering, planning, bridge maintenance, map 
publishing, and field support; 

3. The GIS should be based at a mainframe with the ability 
to run on workstations and PCs; 

4. The GIS should function on a wide range of hardware 
platforms to make maximum use of installed systems; and 

5. A permanent staff to develop the GIS would be needed. 

As a result of these recommendations, the GIS task force 
was asked to prepare a formal implementation plan. The 
implementation plan was to address 

• Software recommendations, 
•Hardware recommendations, 



8 

•Training needs, 
• Pilot GIS system-pavement management and traffic 

engineering, and 
• Phased implementation plans. 

The implementation plan was presented to upper level man­
agement in draft form on July 17, 1989. The presentation 
included pilot GIS demonstrations for pavement management 
and traffic engineering at the 1:2,000,000 and 1:100,000 scale. 
Based on the final version of the plan, a full-scale implemen­
tation effort began to develop a comprehensive GIS for 
transportation management in the fall of 1989. 

Columbia, Missouri, TIGER Demonstration 

In March 1988, FHWA and the Bureau of the Census 
approached the City of Columbia, Missouri, with a proposal 
to demonstrate the newly released TIGER files . The Bureau 
of the Census developed the TIGER files for the 1990 census. 
The files are the product of the merging of digitized map 
information from the U.S . Geological Survey 1:100,000 scale 
maps and the 1980 GBF/DIME files , including geographic 
features, feature names, address ranges, and political and 
statistical boundaries. The object of the TIGER file dem­
onstration in Boone County was to assess the value of TIGER 
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as the base map for a geographic information system for 
transportation (12) . 

TIGER files provided by the Bureau of the Census con­
tained (a) political boundaries, (b) feature names and clas­
sification codes, (c) alternate feature names, (d) latitude­
longitude coordinates (shape records), and, within the Colum­
bia urban area, (e) address ranges with the associated ZIP 
codes for streets (Figure 5) . The Boone County TIGER file 
contained 13,533 line segment records and a total of 36,671 
records. The file size was 4.5 MB . 

The City of Columbia Department of Public Works selected 
the data bases to be used in the demonstration consisting of 
a street sign inventory and accident location file. The street 
sign inventory was created to better manage sign installation, 
replacement, and maintenance. The inventory used dB ase 
III+ and the individual signs were identified by (a) quadrnnt 
of the city , (b) side of the street (N, S, E, W) , (c) direction 
the sign is facing (N, S, E , W), (d) the name of the nearest 
cross street , (e) number of feet (N, S, E, W) from the cross 
street , and (f) street name on which the sign is located. 

The accident file was also built using dBase III+ . Accidents 
were located on the basis of (a) street name on which the 
accident occurred , and (b) name of nearest intersecting street. 

Latitude and longitude were attached to the Columbia data 
fi)es by matching the common element in the Columbia data 
files with the TIGER files. The common element used was 

Streets with Names 
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FIGURE S TIGER-Columbia, Missouri. 
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street names. Latitude and longitude for each intersection was 
obtained by matching street names. The distance from the 
intersection was then used to locate both signs and accidents 
and obtain their coordinates. 

TransCAD GIS software was used to match TIGER line 
files street names with street names in the Columbia data 
base. The result demonstrated the ability to cross reference 
and integrate sign and accident inventory and to display this 
information on the TIGER line file within a commercially 
available geographic information system software. 

The Columbia, Missouri, demonstration shows the useful­
ness of TIGER for infrastructure management by its ability 
to 

1. Create quickly a base map for a geographic information 
system for transportation, 

2. Convert existing data base reference system to latitude 
and longitude, 

3. Integrate data bases, and 
4. Create a GIS inexpensively. 

As a result of this demonstration, Columbia's Department of 
Public Works plans to use TIGER line files in its GIS appli­
cations. Future GIS applications being considered are 

• Pavement management, 
•Transit route planning, 
•Traffic signal controller inventory, 
• On-street parking management, 
• Traffic volume mapping, 
• Areawide and subarea modeling, and 
•Traffic impact analysis. 

CONCLUSIONS 

As the highway infrastructure matures, the issues change from 
where to build a new highway to how to maintain and improve 
existing facilities. Infrastructure managers today are faced 
with complex and multidimensional problems. Every level of 
government is expected to do more with less resources and 
time. Moreover, many valid claims are made for these scarce 
resources. Today, there is no room for inefficient decision 
making. An infrastructure manager must have access to infor­
mation quickly and in a form that presents a multifaceted 
view of the network and its surroundings. 

These five examples show that various levels of government 
look to GISs to efficiently access large volumes of available 
data. The GIS permits the user to obtain information in a 
familiar form that relates directly to the highway system, a 
map. The benefits of the GIS often given are as follows: 

•Integration of Data. By using a common reference system, 
data from both typical highway sources and those outside the 
highway area (e.g., demographics, economic data, land use, 
weather, geology) can be used. 

• Spatial Display of Data. Allows data to be displayed on 
maps that are easy to understand. 

• Innovative Analysis. Allows for new ways to look at old 
problems by combining models with "what if" analysis to 
provide answers to complex, multidimensional questions 
quickly. 

The key to GIS implementation is a specific application 
that can use the ability to perform spatial analysis. Given the 
nature of the highway system, almost all application areas 
could benefit. Although the potential for GIS applications in 
highway infrastructure management is tremendous, users must 
understand the technology, develop specific applications, and 
pool limited resources to make GIS an effective tool both for 
decision making and technical applications. 
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Using Geographic Information System 
Technology To Enhance the Pavement 
Management Process 

How ARD J. SIMKOWITZ 

A pavement management system (PMS) should address all aspects 
of the pavement management process from planning and pro­
gramming through project development and implementation. 
Geographic information system (GIS) technology can be used to 
expand and enhance each of these PMS components. A GIS can 
be designed as a platform on which the PMS is built and operated. 
Such a system is designated a PMS/GIS. The importance of a 
variety of spatially integrated data to pavement management deci­
sion making is examined. Each component of the PMS process 
is explored and the applicability of GIS technology to this par­
ticular component is discussed. This process results in the iden­
tification of a set of functions required for an effective PMS/GIS. 
These functions include thematic mapping, flexible data base edit­
ing, formula editing, statistics, charting, matrix manipulations, 
network generation, and integrated models and algorithms. The 
results are based on research for integrating GIS technology 
and pavement management models. All reported concepts and 
results have been incorporated into TransCAD, the GIS for 
transportation software. 

Pavement management has captured the hearts, minds, and 
pocketbooks of the FHWA and the state highway agencies. 
This was made clear by FHW A regulations requiring that a 
pavement management system (PMS) be in place in all states 
by 1991 and the focus of the Strategic Highway Research 
Program (SHRP) on asphalt and concrete materials, pave­
ment performance, and other PMS-related topics (1). A PMS 
should be comprehensive in covering all aspects of the process 
from planning and programming to project development and 
implementation. For a PMS to be successful, these interre­
lated steps must make significant requirements on the collec­
tion of specific pavement condition data, require the assess­
ment of related data such as accidents and traffic volumes, 
utilize life cycle costing (LCC) and other analytic models, 
and take into account other construction and maintenance 
projects already scheduled or being considered by the agency. 

A well-designed geographic information system (GIS) pro­
vides a platform on which all aspects of the PMS process can 
be built. The resulting system, a PMS/GIS, represents a sig­
nificant enhancement to all aspects of the PMS process. A 
variety of spatially integrated data are important to pavement 
management decision making. GIS technology, as defined 
and explored, is shown to be the most logical way of relating 
these diverse, but relevant, data. Next, each component of 
the PMS process and the applicability of GIS technology are 
discussed. The components include data collection, prelimi-
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nary data analysis and interpretation, system assessment, 
determination of strategies, project identification and devel­
opment, and project implementation. Each of these stages in 
the PMS process is enhanced by GIS technology. Looking at 
the PMS process in its entirety leads to the enumeration of a 
set of functions to be embedded in the GIS platform that is 
required for an effective PMS/GIS. These functions include 
thematic mapping, a flexible data base editor, formula editing, 
statistics, charting, matrix manipulations, network generation, 
models and algorithms, and hooks to external procedures. 

Research is being conducted on integrating GIS technology 
and transportation models. This research has resulted in the 
development ofTransCAD, a transportation GIS. TransCAD 
provides all the tools that the pavement management analyst 
needs, at the same time supporting complex transportation 
models and algorithms in a comprehensive and cohesive struc­
ture. All reported concepts and results have been incorporated 
into the TransCAD software. 

THE ROLE OF SPATIALLY INTEGRATED DATA 
IN A PMS 

Spatial considerations are fundamental to most transportation 
activities, including pavement management. A transportation 
system consists of nodes, links, and entities distributed in two­
or three-dimensional space. Events happen within this system 
at a point (an accident, a signal location), along a segment 
(pavement deficiencies, vehicle volumes), or within a geo­
graphical area (people living in one neighborhood who wish 
to commute downtown). 

Comprehensive pavement management models require a 
diverse collection of highway-related data including pavement 
condition surveys, skid resistance measurements, traffic counts, 
bridge inspections, sign inventories, photologging, accident 
investigation, construction and maintenance records, and 
inventories of signs and roadside obstacles. Although these 
data may be available in digital format, they are typically 
unrelated to each other, duplicative, and inconsistent. The 
various files may have been created independently of one 
another, using different referencing systems or computer for­
mats. Popular referencing systems include milepost, reference 
post, paper document methods, state plane, and latitude­
longitude. In the worst case, some of the data required for 
analysis may not be spatially referenced at all. As a result, 
they are difficult to use in a consistent and efficient manner 
as inputs to a PMS. In the next section, GIS technology is 
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proposed as a framework for data integration because it 
provides a means of relating data collected under various 
referencing systems. 

GIS TECHNOLOGY AND BENEFITS 

A GIS is a computerized data base management system for 
the capture, storage, retrieval, analysis, and display of spatial 
(i.e., locationally defined) data. A GIS contains two broad 
classifications of information, geocoded spatial data and 
attribute data. Geocoded spatial data define objects that have 
an orientation and relationship in two- or three-dimensional 
space. Each object is classified as either a point, a line, or a 
polygon and is tied to a geographic coordinate system. These 
objects have precise definitions and are clearly related to each 
other according to the rules of mathematical topology. 

In addition to topological information, a GIS contains the 
same attribute data that is found in traditional data bases. 
Attributes associated with a street segment might include its 
width, number of lanes, construction history, pavement 
condition, and traffic volumes. 

An accident record could contain fields for vehicle types, 
weather conditions, contributing circumstances, and injuries. 
What distinguishes a GIS from a traditional data base is that 
this attribute data is associated with a topologic object (point, 
line, or polygon) that has a position somewhere on the surface 
of the earth. 

A well-designed GIS permits the integration of these data. 
The sophisticated data base in a GIS has the ability to asso­
ciate and manipulate diverse sets of spatially referenced data 
that have been geocoded to a common referencing system. 
To permit this, it might be necessary, for example, to use soft­
ware that transforms state plane coordinates and milepoint 
data to latitude-longitude data, and vice versa. 

A GIS can lead to new ways of thinking about and dealing 
with the pavement management process . It can expand the 
decision making on repair strategies and project scheduling 
by incorporating such diverse data as accident histories, 
economic needs, hazardous materials shipments, and vehicle 
volumes. 

Rather than being limited to textual queries, a GIS can 
perform geographic queries in a straightforward, intuitive 
fashion. A GIS/PMS can display deficient sections, can group 
sections by deficiencies, can be used to build projects through 
spatial selection, can compute traffic impacts of various PMS 
plans , and can incorporate the results of life cycle forecasts 
into measurements of future mobility. 

The following sections explain how GIS technology can be 
used in all aspects of the pavement management process. 

DATA COLLECTION 

The first step in the pavement management process is to col­
lect and record the condition of the roadway segments. Typ­
ically, the roadway deficiencies are coded on a segment-by­
segment basis and the results printed in tabular form. A series 
of computer displays showing the segments color-coded by 
the various attributes would greatly facilitate the process of 
data entry and editing. Omissions in the data collection effort 
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would be immediately apparent from segments in the roadway 
showing no data. Errors in measurement or coding would also 
be readily apparent. One such example would be a case in 
which a long stretch of roadway had recently been resurfaced 
and a segment in the middle was coded as having severe 
transverse cracking (Figure 1). With a GIS, this series of map 
displays can be quickly produced and assimilated. 

Recent developments in electronic data collection equip­
ment make it feasible to scan a roadway from a moving vehicle 
and automatically record pavement distresses on a microcom­
puter. If the data were to be entered directly into a GIS data 
base , this procedure could produce an instant map display of 
the road condition. 

PRELIMINARY ANALYSIS AND 
INTERPRETATION 

In the traditional PMS, the highway engineer transfers some 
of this tabular information to a base map by hand as a step 
in understanding the data. For example, he might construct 
a map showing the severity of rutting or block cracking or 
create a map indicating the overall performance index. As in 
the situation for data editing, a GIS that integrates the data 
base attributes describing the pavement condition with a car­
tographic display of the road network can be used to create 
any number of illustrative visual displays of the status of the 
road system. In Figure 2, all segments with block cracking 
greater than six are highlighted. In Figure 3, the segments 
have been grouped by the amount of excess asphalt and a 
different color assigned to each group. 

SYSTEM ASSESSMENT 

Although these visual representations of the segment-by­
segment status of the roadway are a valuable addition to the 
pavement management process, it is necessary to add ana­
lytical capabilities to assess the current status of the system, 
compare it with previous periods, and make predictions about 
the future. To do so requires basic formula manipulations, 
spatial and conditional query capabilities, statistical proce­
dures , and charting for graphical representation of the data. 
For example, suppose that 10 deficiencies are rated on a scale 
from 0 to 10, for which 10 is the worst. To obtain an overall 
rating of each segment, it might be appropriate to add these 
10 ratings and place them in a computed field in the road 
segment data base. The segments could now be sorted in 
descending order so that the most deficient segments are at 
the top of the list. Or one might prefer to compute the pres­
ent serviceability ratings or the serviceability index as defined 
in the Pavement Condition Rating Guide (2) as a summary 
measure of condition. Assuming a rating system of 0 to 100, 
each segment could be placed in 1 of 10 groups (0-10, 
11-20, ... , 90-100). 

A good PMS/GIS should make it possible to perform sta­
tistical analysis of the data . Here are some examples: query 
the data base by condition to find out how many miles of 
roadway have a deficiency rating greater than 90; query the 
data base by road type to find out how many miles of Interstate 
highway have a deficiency rating greater than 90; query the 
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FIGURE 1 Miscoded data. 
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FIGURE 2 Highlighting of segments with block cracking greater than six. 
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FIGURE 3 Segments grouped by the amount of excess asphalt. 

data base spatially to find out how many miles of roadway 
within 15 mi of the center of a major urban area have a 
deficiency rating greater than 90 (Figure 4) or how many miles 
are deficient within an engineering district. 

The statistical procedures could also be used to obtain the 
condition of the average road segment, or the variation in 
segment conditions throughout the system. Charting could be 
used to create a pie chart showing the relative proportion of 
road miles in each condition group. By combining traditional 
conditional query capabilities with spatial queries and adding 
mathematical manipulation , statistics, and charting, a full 
assessment of the road system is possible from within the PMS/ 
GIS. The graphical products produced as part of the assess­
ment could be easily comprehended by management, politi­
cians, and citizen groups, helping to clarify issues and obtain 
needed support. 

DETERMINATION OF STRATEGIES AND 
ASSIGNMENT OF RESOURCES 

The next step in a PMS is the determination of appropriate 
strategies to deal with the pavement deficiencies over a time 
horizon and the corresponding assignment of resources to 
implement these strategies. The determination of strategies 
could imply a series of decision rules that match deficiency 
ratings with appropriate actions (Figure 5), or the process 
could involve a more elaborate calculation of LCC and the 
appropriate timing of preventive and restorative measures. 

The former approach is used in the Pennsylvania DOT 
STAMPP PMS, in which, for example, rutting plus serious 

raveling plus average daily traffic greater than 2,000 imply 
the need for resurfacing (3). The Florida DOT recommends 
LCC as part of an economic analysis that includes initial cost, 
follow-up maintenance and rehabilitation costs, inflation, and 
the time value of money for each pavement type that is 
considered ( 4). 

Whichever approach is taken, a well-designed PMS/GIS 
should have direct links to decision models so that the strat­
egies can be readily determined. In other words, the strategy 
models should have direct access to the PMS/GIS data base, 
and the model results should be entered directly into the data 
base. 

In addition to the traditional elements contained in a PMS, 
a GIS would make it possible to enrich the decision-making 
process by incorporating other types of data that could not 
easily be brought into the process without the ability to relate 
data spatially. One important example is being able to use 
accident analysis in the decision-making process. Accident 
analysis requires the correlation of a number of explanatory 
roadway and environmental variables such as roadway geo­
metrics, weather conditions, traffic volumes, signage, signal­
ization , lighting, and pavement condition (Figure 6). A GIS 
can serve as the integrator of all transportation activities (e .g., 
pavement management, accident analysis, sign and signal 
inventories, planning, and hazmat), as well as the link to other 
agencies with overlapping data needs (e.g., planning, 
environmental resources , utilities) (5). 

Another important component in a PMS is good traffic 
estimation procedures. It has been pointed out that classifi­
cation counts are not always representative of actual traffic 
conditions because of overloaded trucks avoiding weighing 



<-80. 839384 ,35.804422)- 15.053 Miles 

FIGURE 4 Selecting road segments within a 15-mi radius of the center of an urban area. 
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FIGURE 6 Accidents correlated with pavement condition. 

scales and insufficient traffic sampling programs (6). A PMS/ 
GIS, with an appropriate assignment model, could test for 
discrepancies between estimated volumes and actual counts. 

PROJECT DEVELOPMENT 

Once the strategies have been defined and the budgets assigned, 
it will most likely be the responsibility of the district engineer 
to implement the strategies through a series of projects. Using 
the same set of visual and analytical tools that was used for 
system assessment, the district engineer can group road seg­
ments into homogeneous projects on the basis of spatial 
proximity and resource constraints (Figure 7). 

PROJECT IMPLEMENTATION 

Individual projects are typically scheduled on the basis of the 
availability of resources. By encapsulating the PMS within an 
overall GIS, it would also be possible to schedule projects so 
that they have minimal impact on the efficiency of the net­
work. Employing demographics and journey-to-work data, a 
transportation model linked to the GIS could compute traffic 
assignments on the network. Negative interactions of multiple 
projects would be readily apparent. User costs resulting from 
delays could be determined. Shortest path analysis could be 
used during project implementation to identify optimal diver-

sion routes around segments with the highest volume/capacity 
ratios (Figure 8). 

NETWORK SEGMENTATION IN A PMS/GIS 

A transportation system can be viewed as a connected net­
work with ·egment boundaries nodes) defined not just by 
road inter ections but al ·o by changes in the particular attrib­
ute or attributes under consideration. Some segmentation 
schemes could result in long segments. For example, the num­
ber of lanes of an Interstate highway might not change for 
100 mi. Other data-delimited elements, such as road condition 
and vehicle volumes, usually change at more frequent inter­
vals. Finally, other data, such as an accident record, might 
be tied to a discrete point. 

The following represents a hypothetical, but realistic , sit­
uation. The first 3 mi of a road are two lanes, at which point 
the road widens to four lanes. But after the first mile, the 
concrete surface has been covered with a layer of asphalt for 
11/2 mi. Accidents seem to cluster around intersections, but 
there are two curves that also have a large number of acci­
dents. Five miles down the road, a major highway joins this 
road, doubling the traffic volume for the next 3 mi. A large 
number of trucks enters the roadway 2 mi further at a freeway 
interchange. Suddenly, the amount of edge deterioration 
increases dramatically. 

These observations lead to the question, "When designing 
a PMS/GIS, how should the network be segmented?" Too 



<-77.bY7419.3b.4b~~2&> 

FIGURE 7 Selecting the segments to include in a project. 
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FIGURE 8 Shortest path detour around construction site. 
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few segments means that changes in data will be lost. Too 
many segments will leave the system awash in repetitive detail. 
Nyerges (7) discusses the pros and cons of fixed length and 
variable length segmentation schemes. 

Fletcher (8) develops the idea of dynamic segmentation of 
the highway. He proposes that each attribute be stored in its 
own representation of the network, separate from the base 
configuration. Segment boundaries in each thematic network 
would be defined by the variability of each attribute. The 
network containing pavement widths would probably contain 
fewer segments than the ones for vehicle-miles of travel or 
road conditions. Such a construct would minimize data redun­
dancy while capturing data at any desired level of detail. For 
a particular analysis, only networks of required data elements 
would be used. 

Algorithms have been developed for dynamically seg­
menting the road network on the basis of changes in the under­
lying attributes of interest. For example, TransCAD can store 
attributes in files where each record contains the new attribute 
value and the beginning milepoint. The analyst selects a subset 
of attributes of interest and the software automatically inserts 
nodes in the network wherever one of these attributes changes. 

SOURCES OF MAP DATA FOR A PMS/GIS 

There are two primary sources of digital map data that are 
appropriate for use in a PMS/GIS. The Bureau of the Census, 
in cooperation with the U.S. Geological Survey, has created 
a topological data base containing every street and block face 
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in the United States for use in the 1990 census. Called TIGER, 
it combines the 1980 GBF/DIME files in the central cities 
with the U.S. Geological Survey 1:100,000-scale digital line 
graphs (9,10) . TIGER would be appropriate for city and 
county PMS/GISs (Figure 9) . Each road segment in the TIGER 
file has a street name associated with it, and segments in 
the urbanized areas also have address ranges identified. 
Other fields required by a PMS, such as deficiencies and 
traffic volumes, would have to be added. In addition, TIGER 
includes all census geography such as census blocks and tracts. 
This information makes it possible to associate census data 
from the standard tape files of the decennial census , making 
TIGER a suitable basemap for all types of planning and 
analysis (11). 

A demonstration project funded by FHWA illustrated how 
TIGER, combined with GIS technology, could be used for 
transportation planning and PMS analysis (12). The report 
explains how a windowed network could be created for all 
TIGER road segments within a band along the construction 
site. This network could then be used to develop optimal 
detour routings as shown in Figure 8. 

The second source of inexpensive digital data is the digital 
line graph (OLG) series from the U.S. Geological Survey. 
Files at 1:100,000 scale are available for the entire United 
States. Some files are also available at the 1:24,000 scale (13). 
DLGs are appropriate for state PMS/GISs, particularly when 
the state has not already digitized its road network (Figure 
10) . Unlike TIGER files, only the interstate and primary 
segments have names identified, and address ranges and 
census geography are not included. 

~aog:raph!,I f.roccdure 
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FIGURE 9 Census TIGER file street map. 
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FIGURE 10 U.S. Geological Survey digital line graph at 1:24,000 scale. 

ESSENTIAL COMPONENTS OF A PMS/GIS 

The preceding discussion has identified a number of essen­
tial analytical capabilities that should be included in a 
comprehensive PMS/GIS: 

• Flexible data base editor for storing and editing pavement 
condition data and other data to be used in the analysis; 

• Formula editing of data base fields that facilitates the 
computation of new relationships such as an overall condition 
rating; 

•Univariate statistics (min, max, sum, mean, and standard 
deviation), e.g ., to compute the total lane miles with a defi­
ciency rating greater than 90; multiple regression to compute 
deterioration equations; correlation to compute dependence 
between possible explanatory variables such as truck volumes, 
weather, and soil conditions and pavement condition; 

•Charting (e .g., pie charts and bar charts) to enhance the 
understandability of the data and make it easier to commu­
nicate results to decision makers, politicians, and citizen groups; 

• Matrix tools for creating and manipulating origin­
destination tables , travel time matrices, and other one- and 
two-dimensional matrices used in transportation models for 
shortest path detour determination and traffic assignment; 

• A set of useful transportation models and algorithms 
including shortest path, traffic assignment, vehicle routing 
(for efficient reallocation of trucks and equipment), and trav­
eling salesman (for the delivery of materials to several 
construction sites); and 

• Links to external procedures such as LCC, decision 
analysis, shortest path, and traffic assignment. 

By including these features, PMS/GIS becomes a tool the 
applications of which are limited only by the sophistication 
of the hardware and software, the quality of the data , and 
the imagination of the users. 

CONCLUSIONS 

The transportation community is placing a major emphasis 
on improved pavement management procedures. At the same 
time, GIS technology is being explored by transportation 
professionals at all levels of government, in the private sector, 
and at research facilities. The coupling of appropriate GIS 
technology with stand-alone PMS can result in a greatly enriched 
PMS process . 

Although the traditional strengths of the GIS formulation 
are in mapping display and polygon processing, a transpor­
tation GIS requires new data structures, data objects, inter­
faces, and procedures to fulfill its potential. Research into 
data base design, transportation objects, and user interface 
has resulted in the development of TransCAD, a transpor­
tation GIS that is fundamentally different from the traditional 
environmentally oriented GIS . TransCAD provides all the 
tools listed in the previous section essential to a 
comprehensive PMS/GIS. 
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Computer hardware continues to become less expensive 
and more powerful. Software continues to grow more sophis­
ticated. Public agencies and private companies are developing 
more and better geocoded data. The end result is that cost­
effective GIS-based PMSs will become more and more 
common within the transportation community. 
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Pavement Management Applications of 
GIS: A Case Study 

MIGUEL PAREDES, EMMANUEL FERNANDO, AND T. SCULLION 

Despite ever-increasing budget limitations, more effective ways 
of establishing maintenance and rehabilitation requirements are 
needed to optimize the use of available highway funds. Like many 
other state transportation agencies , the Texas State Department 
of Highways and Public Transportation (SDHPT) already has in­
place, analytical tools for assisting state highway engineers in the 
management of their roadways. The MICRO-PES package, for 
example, is a suite of computer programs developed to assist state 
district engineers with their network level pavement management 
activities. This analysis package, as the name implies, is imple­
mented on a microcomputer. Because the MICRO-PES system 
is modular, it can be expanded to include other PMS analysis 
tools for which the Texas SDHPT may have need. A recent survey 
has revealed an urgent need by the districts for an automate.ct 
procedure to generate maps highlighting substandard pavement 
sections. Currently, the production of these maps is a tedious 
process, accomplished by manually color-coding maps using pave­
ment condition information from the Pavement Evaluation Sys­
tem (PES) data base. A computerized procedure would assist the 
engineering districts in the management of their roadways. In this 
regard, a small-scale study was conducted to evaluate the poten­
tial of using geographic information system (GIS) technology 
within the MICRO-PES environment to satisfy the need of the 
districts for graphics output capability. A prototype GIS module 
was developed that provided the capability for graphically dis­
playing the output from the existing MICRO-PES analysis sub­
systems. The study demonstrated the applicability of GIS as a 
tool for pavement management. 

Many transportation agencies in the United States have oper­
ational Pavement Management Systems (PMSs) in one form 
or another. The past decade has witnessed growth in devel­
oping pavement inventories and associated models that assist 
state departments of transportation (DOT) in prioritizing 
projects and anticipating future needs. Most agencies are 
experiencing increasing competition for available state and 
federal funds. PMSs have become important tools in quan­
tifying overall needs and in evaluating the consequences of 
budget limitations . FHWA, in recognition of the increasing 
importance of PMS, has published its pavement initiative , a 
key element of which is that each state DOT must have in 
operation an approved PMS no later than February 1993. 

The federal policy has prompted several states to accelerate 
their PMS development. Resulting improvements often mean 
upgrading of existing systems to meet federal guidelines and 
to provide additional capabilities for system users. The Texas 
State Department of Highways and Public Transportation 
(SDHPT) has recently completed a review of its existing PMS 
activities (1). One aspect of this study was a questionnaire 

Texas Transportation Institute, College Station, Tex. 77843. 

sent to each of the 24 Texas districts that asked the district 
staff to rank PMS output requirements. By far the most urgent 
current need identified was for "maps highlighting substan­
dard pavement sections. " Many districts are manually color­
coding maps using PMS data available only in standard tabular 
format. The need to evaluate the potential for geographic 
information systems (GISs) to support PMS activities is obvious. 
Initial efforts have been made to implement this technology 
within the Texas SDHPT. 

Initial efforts to implement GIS technology to assist pave­
ment management activities involved the incorporation of a 
prototype GIS module into the MICRO-PES system (2). This 
microcomputer-based system, which was developed by the 
Texas Transportation Institute, provides Texas SDHPT per­
sonnel with tools for analyzing the information stored within 
the network level Pavement Evaluation System (PES) data 
base. For each 2-mi section in the highway network, the 
following data items are available from PES: 

1. Width and number of lanes; 
2. Functional class; 
3. Current condition in terms of 

a. Surface distress (e.g., rutting, cracking); 
b. Roughness; 
c. Structural strength; 

4. Annual average daily traffic; and 
5. Estimated traffic loads (in 18-kip ESALs) . 

Included in the MICRO-PES package are the following 
three analysis subsystems for network level pavement 
management : 

1. A 1-year maintenance and rehabilitation system that con­
sists of a series of decision trees that were based on the rec­
ommendations of experienced highway engineers from the 
Maintenance and Pavement Divisions of the Texas SDHPT. 
The decision trees relate characteristics such as pavement 
distress, roughness, pavement type, and whether the road is 
rural or urban , to the appropriate maintenance and 
rehabilitation strategies. 

2. The Rehabilitation and Maintenance Optimization Sys­
tem (RAMS-DOI), which selects an optimal combination of 
projects that maximize benefits at a given budget level. The 
optimization procedure uses a 0- 1 integer programming 
algorithm to maximize the overall maintenance effectiveness. 

3. A routine maintenance estimation system that estimates 
type, extent, and cost of routine maintenance requirements 
for any highway or network of highways on the basis of user­
specified trigger levels of pavement distress types. 
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TABLE 1 RAMS D0-1 OUTPUT FOR ANGELINA COUNTY 

Se gm 

Num 

23 

24 

25 

33 

43 

45 

46 

50 

62 

68 

75 

80 

83 

84 

91 

92 

94 

96 

98 

99 

100 

105 

108 

109 

110 

115 

116 

117 

Dist 

Num 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

ll 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

II 

11 

County 

Code 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

003 

Highway 

Number From To LN Strategy Benefit Cost 

FM0058 000+00 002+00 Sea 1 Coat 12833 . 57960 . 00 

FM0058 002+00 004+00 Sea 1 Coat 3964 . 23920 00 

FM0058 004+00 006+00 Sea 1 Coat 39l3 . 23920. 00 

FM0304 000+00 000+ 15 L. D. Reconst rt. 20888 . l 20000 . 00 

FM0842 002+00 004+00 Sea 1 Coat 3010 . 18400.00 

FM0842 004+00 006+00 L.D . Reconstrt. 26072 . 160000 . 00 

FM0842 006+DD 008+02 L.D. Reconstrt. 31480 . 176000 . 00 

FM1194 000+00 004+00 L. D. Reconst rt. 36408. 240000. 00 

FMl669 010+00 012+00 L. D. Reconstrt. 41644 . 312000 , 00 

FMl818 002-20 002+00 L .D. Reconstrt. 29378 . 208000 . 00 

FMl818 006+00 008+00 Thin Overlay 15373 . 83580. 00 

FMl818 018+00 020+08 L . D. Reconstrt. 34832 . 224000.00 

FM3150 000+00 000+ 17 L . D. Reconstr t. 1929 1. 144000 . 00 

SH0094 006+00 008+00 Sea 1 Coat 9020 . 51520 . 00 

SHOl 03 022+00 024+00 Thin Overlay 10909 . 72436 00 

SH0278 OOO+DO 000+09 Thin Overlay 11670 . 9134 1. 00 

SH0287 002+00 004+00 Seal Coat 7975 . 46000 . 00 

SH0287 004+00 008+00 Sea 1 Coat 9222 . 55200 . 00 

SH0287 012+00 014+09 Sea 1 Coat 109ll. 66700 . 00 

SH0339 000+00 002+01 Thin Overlay 22473 . 171936 . 00 

SH0339 002+01 002+04 Thin Overlay 4475 . 28656 . 00 

US0059 006+00 006+16 Sea 1 Coat 7656 . 44160. 00 

US0059 010+00 010+12 R Thin Overlay 34907 . 148056.00 

US0059 014+00 016+00 R Seal Coat 10538 . 44160.00 

US0059 014+00 016+00 Thin Overlay 31349 . 191040 . 00 

US0069 000+00 000+08 Sea 1 Coat 3853 . 23552. 00 

US0069 002+00 004+01 Seal Coat 7668 . 46368.00 

US0069 004+01 006+00 Seal Coat 12343 . 55936.00 

US0069 006+00 008+00 Sea 1 Coat 12799 . 58880. 00 

US0069 022+00 024+00 Seal Coat 6901. 47840.00 

US0069 024+00 026+00 Seal Coat 8294 . 47840.00 

US0069 038+00 040+00 R Thin Overlay 

TOTALS: 

14479 . 103480.00 

516526 . 3186881. 00 

Percent 

Budget 

l. 82 

• 75 

. 75 

3 . 76 

. 58 

5 . 01 

5. 52 

7 . 52 

9. 78 

6. 52 

2 . 62 

7. 02 

4. 51 

I. 61 

2 . 27 

2 . 86 

1. 44 

I. 73 

2 . 09 

5 . 39 

. 90 

1.38 

4 . 64 

I. 38 

5 . 99 

. 74 

I. 45 

I. 75 

1.85 

I. 50 

I. 50 

3. 24 

99 . 87 

AADT 

9200 

7000 

2300 

940 

870 

870 

190 

2700 

5500 

3300 

790 

380 

1550 

10900 

3500 

11000 

14400 

12400 

21000 

7300 

8800 

19400 

28000 

18400 

IB400 

5500 

5500 

6500 

8500 

10500 

10200 

4900 

260690 

18 Kips 

6476 

5827 

1444 

591 

610 

610 

119 

1678 

3949 

2073 

495 

238 

1041 

12941 

3791 

13915 

18273 

15685 

25762 

9386 

9460 

21079 

35638 

19565 

19565 

5913 

5913 

6759 

10128 

9778 

10923 

5304 

284929 

Pvmnt . 

Score 

34 

51 

69 

31 

59 

24 

12 

39 

26 

70 

42 

32 

41 

34 

43 

31 

48 

41 

68 

56 

58 

28 

53 

43 

52 

57 

43 

31 

52 

41 

66 

1384 

PSI 

Raw 

4 .o 

4. 2 

3.9 

2 . 2 

3.0 

2. 2 

1.9 

I. 9 

2. 5 

2. 4 

2. 7 

2. I 

I. 9 

4. 3 

2 .8 

2 . 2 

3. 7 

4. 0 

3 . 3 

2 . 3 

2. 4 

3. 6 

2. 7 

3. 5 

2 . 8 

3.9 

3.5 

4.1 

4. 2 

4. 0 

3 .9 

2. 5 

99.0 
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When using MICRO-PES, the user is presented with a 
menu from which any one of the analysis subsystems can be 
selected for execution. 

Before this GIS study, the output from the MICRO-PES 
package was in standard tabular format. For example, Table 
1 presents a typical output from the optimization program. 
In order to add graphics capability to the system and thus 
satisfy the need of highest priority of the engineering districts, 
a prototype GIS implementation was developed as an addi­
tional option for presenting MICRO-PES output. The pri-

mary goal was to develop an interface between the GIS and 
the PMS analysis subsystems of MICRO-PES. This interface 
was intended to provide the following improvements to the 
MICRO-PES package: 

1. Capability for graphically displaying, on a microcom­
puter color monitor, a map of a selected highway network 
and for evaluating the general condition of the selected net­
work through queries on the PES data base using the data 
base management system (DBMS) of the GIS. 
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2. Capability for generating the input files for the PMS 
analysis modules using the GIS's DBMS to extract the 
relevant input data from the PFS rfat<i hase. 

3. Capability for graphically displaying the output from the 
PMS analysis modules and for generating graphical output on 
hard copy devices that can be included as material for PMS 
reports. 

Initial GIS implementation efforts led to the development 
of a prototype GIS that provided the enhancements to the 
MICRO-PES package. Development of this prototype GIS 
is described in what follows. 

DEVELOPMENT OF A PROTOTYPE GIS 
MODULE FOR MICRO-PES 

The main objective of the research effort described herein 
was to evaluate the feasibility of using GIS technology to 
satisfy the requirements of the Texas SDHPT for the pro­
duction of maps identifying deficient pavement sections. The 
approach selected for accomplishing this task was to perform 
a case study in which GIS software would be integrated with 
the MICRO-PES computer system to support the latter 's PMS 
analysis packages. 

The support rendered by the GIS software to the PMS 
analysis subsystems is viewed as yet another option within 
MICRO-PES; an option that will allow the user to produce 
a map display, either in the computer screen or as a hard 
copy, of an area (e.g., a county or district) that has previously 
been selected for PMS analysis. The GIS option will even­
tually allow the user to graphically display the output from 
any of the PMS analysis subsystems. For example, the user 
will be able to generate a map that shows highway sections 
that have been selected for some maintenance and rehabili­
tation work by the RAMS program. By maintaining the GIS 
as a separate option within MICRO-PES, as opposed to using 
its mapping capabilities alone through each of the three PMS 
analysis subsystems, the user is ensured access to all of the 
GIS capabilities. This feature means that the GIS could be 
accessed directly to perform other functions, such as PES data 
subsetting using the GIS data base manager to generate input 
files for any of the PMS analysis subsystems, or production 
of maps based on simple queries to the PES data base. 

The framework for developing the case study can be sub­
divided into five main tasks: (a) selection of a GIS software 
package, (b) selection of an appropriate county, ( c) acquisi­
tion of the PES data for the selected county, ( d) development 
of the land base, and ( e) development of the interfaces between 
the GIS and the PMS analysis modules. A detailed description 
of how these tasks were performed follows. 

Selection of a GIS Software Package 

The two GIS packages that were available for the develop­
ment of the case study were Environmental Systems Research 
Institute's PC ARC/INFO and Caliper Corporation's 
TransCAD. The final decision for selecting PC ARC/INFO 
over TransCAD rested on the fact that the latter did not have 
a digitizing capability in its current version (Version 1.20). 
This capability was crucial to the case study because the land 
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base was to be created from scratch, by digitizing county 
highway maps provided by the Transportation Planning 
Division (D-10) of the Texas SDHPT. 

A brief description of the modules and capabilities of PC 
ARC/INFO is in order. PC ARC/INFO is a software system 
for managing geographic information. This system integrates 
geographic analysis and modeling capabilities with a fully 
interactive system for acquisition, management, and display 
of spatial data. 

PC ARC/INFO consists of a series of modules, including 

• Starter Kit-used for map creation and digitization, 
attribute table creation, topologic data structuring, map plot­
ting system, and host computer communication. 

•PC INFO-a stand-alone fully featured data base man­
agement system. 

•PC ARCPLOT-used for interactive map creation and 
display, graphical query, and generation of high-quality hard­
copy maps. 

• PC ARCEDIT-supports sophisticated graphics editing 
for coverage creation and update. 

• PC OVERLAY- supports polygon overlay, line and point­
in-polygon overlay, and buffer generation. 

•PC NETWORK-handles analytical functions for mod­
eling real networks and performs optimal routing, districting, 
address matching, and geocoding. 

•PC DATA CONVERSION-converts grid cell and vec­
tor formats to ARC/INFO or vice versa. 

The Starter Kit is the foundation of the system, and as such 
it has to be installed before any other modules. It provides 
the basic GIS tools such as 

1. Arc Digitizing System (ADS) used to digitize map 
coverages, 

2. CLEAN and BUILD procedures to create topology from 
coordinates, 

3. The TABLES program that directly interacts with PC 
INFO to integrate attribute data with map entities, 

4. HELP menus and screens that provide reference to both 
ADS and TABLES commands, 

5. ESRI's Plot System for viewing maps on the screen or 
for sending them to a plotter or graphics printer, and 

6. The Simple Macro Language (SML) that can be used to 
create a user interface. 

Of the PC ARC/INFO modules, only the Starter Kit PC, 
ARCEDIT, and PC ARCPLOT were used to develop the 
case study. Both the Starter Kit and PC ARCED IT were used 
to digitize and edit the highway network, county boundaries, 
and city limits coverages that conformed the base map of the 
area selected for the study. PC ARCPLOT was used to create 
the display map; assign colors, line types, line weights, and 
labels to map entities; perform queries highlighting selected 
highway sections; and plot maps from various analysis queries. 

Selection of an Appropriate County 

An appropriate county for the case study had to have 

• A representative sample of the Texas highway network, 
that is, a highway network representing several of the 
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following functional classes: Interstate highways, state high­
ways, U.S. highways, farm-to-market highways, park roads, 
and state loops or spurs. 

•A complete PES database for the highway network. This 
requirement meant that each PES highway section in the 
county's highway network had to have at least one data record 
in the PES data base. 

Of the 254 counties in Texas, several satisfied these criteria. 
It was decided to use Angelina County in the Lufkin District 
(District 11) for developing the case study shown in Figure 
1. Angelina County was used because it had been the subject 
of a previous research study aimed at evaluating the effec­
tiveness of the RAMS-DOl program in optimizing the allo­
cation of limited funds to maintenance and rehabilitation needs 
(3). By selecting Angelina County for the case study, the 
results from the research project (3) could be recreated in 
graphic form, thereby demonstrating the application of GIS 
as a PMS tool. 

Acquisition of PES Data For The Selected County 

The PES data base file was provided by the Safety and Main­
tenance Operations Division (D-18) of the Texas SDHPT. 
This data base was the same one that was used for the RAMS 
research study mentioned previously. It contained data from 
the 1985 PES survey. 

Development of The Land Base 

Several sources were available from which an appropriate 
base map could be obtained. These included various digital 
and paper map products from agencies such as the Bureau of 
the Census, the U.S. Geological Survey, and the Transpor­
tation Planning Division of the Texas SDHPT. The final deci­
sion on the map base was to use the Texas SDHPT General 

FIGURE 1 Location of Angelina County within District 11 and 
Texas. 
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Highway Map product for Angelina County. Besides incor­
porating the complete highway network for the county, it also 
included the 2-mi highway sections used by the state to main­
tain its roadway inventory. In order to gain some experience 
in map preparation and digitization, it was further decided to 
use a paper map product instead of a digital one. This pro­
cedure ensured that the base map would contain only the 
elements that were of interest to the case study: county 
boundaries, highway networks, and city limits. 

The creation of the base map for the case study was ac­
complished in three phases: (a) map digitization, (b) PES 
attribute data integration, and (c) final base map production. 
Descriptions of the three phases follow. 

Map Digitization 

The digitization of all base map coverages was performed with 
the Starter Kit's Arc Digitizing System (ADS) utility. The 
Texas SDHPT General Highway Map for Angelina County 
consisted of two base sheets and one supplementary sheet. 
Because the base sheets cover the whole county whereas the 
supplementary sheets show adjacent areas of the county in 
greater detail, it was decided that the base sheets would be 
used for the digitizing exercise. Two steps had to be performed 
before the digitizing process could begin. First, six reference 
points or tics were marked on the map and labeled 1 through 
6. The locations of these tics were arbitrary so they were made 
to correspond with the intersections of the map's latitude­
longitude grid. 

The highway network to be included in the land base com­
prised almost all of the county roadways, with the exception 
of some short roadways that were considered insignificant to 
the study. All the roadways were digitized into a single layer 
or coverage named "HIGHWAYS." The other two cover­
ages, BORDERS and CITYBOUN, that made up the land 
base, contain the county boundary and Angelina city limits, 
respectively. These two coverages were digitized using the 
same set of reference tics as the one in the HIGHWAYS 
coverage allowing them to be perfectly overlaid, thus gen­
erating the complete land base. Because both the CITY­
BOUN and BORDERS coverages represented only bound­
aries for visual orientation, no topology was built into them. 

In contrast, because the HIGHWAYS coverage repre­
sented the highway network, each 2-mi section was digitized 
as an arc connecting a beginning and an ending node. Thus, 
the whole network was represented by a series of sequential 
arcs joined together by nodes. During digitizing, a unique ID 
number was assigned to each of the arcs representing highway 
sections. Once the digitizing of this coverage was complete, 
the BUILD utility was used to make an arc attribute table 
(AAT), which contained the topological relationships of the 
arcs that formed the highway network (Figure 2) 

PES Attribute Data Integration 

The data base used for the case study was a subset of the 1985 
PES data set for District 11. The Angelina County data were 
extracted from this subset using Option 1 of the MICRO-PES 
program. Furthermore, because PES records contained 47 
variables and many of them were not relevant to the study, 
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HIGHWAYS. A AT 

FROM NODE TO NODE L POLYGON R POLYGON LENGTH HWY N HWY ID 
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222 us 59 s 100 0 0 0 100 10 0 42 65 ~ I 36 0920 30126 0 0 0 0 
- i- 224 us 59 s 100 0 0 0 0 10D 0 40 65 5 1 36 9166 38809 0 0 0 0 

226 us 59 A 100 0 0 0 0 100 0 40 65 5 1 36 16666 55456 0 0 0 0 

. 
FIGURE 2 The Arc Attribute Table is linked together with the HIGHWAYS database through the HWY-ID variable, which was 
used as the key. 

only the variables that were the most applicable to the prob­
lem at hand were used. Table 2 lists the 22 variables that were 
selected for the PES attribute data base. The first variable In 
the table, HWY-ID, does not belong to the PES data set. It 
was added to it to store the highway section ID number that 
was used to link the attribute data with the topological data 
in the AAT created during the digitizing process just described. 
The four variables STRATEGY, BENEFIT, COST, and 
BUDGET% (following the KIPS variable) were also added 
to the HIGHWAYS data base to accommodate output values 
from the RAMS-DOl analysis module. 

The TABLES utility from the STARTER KIT was used to 
create an INFO template with the 22 variables that formed 
the attribute data set and to input the data. Special care was 
taken to ensure that the HWY - ID variable in the attribute 
data set matched the HWY - ID variable of its corresponding 
highway section in the AA T. Once this match was accom­
plished, the records in these tables were linked together using 
the common HWY-ID variable as the key (Figure 1), result­
ing in a fully relational geographic data base for the highway 
network. 

Base Map Production 

Once the geographical data base was complete, the next step 
was to produce the base map that would be used as a basis 
for displays and queries. This step was accomplished by using 
the map composition features of PC ARCPLOT. PC ARC­
PLOT allows the user to display maps created from a number 
of coverages using different colors, line types, line widths, 
text annotations like labels and titles, legend and title boxes, 
and frames. 

Map composition in PC ARCPLOT is a process that is 
performed one step at a time. For instance, the creation of 
the base map for the case study was done by first defining the 
map extent (boundaries); then, each of the coverages (BOR­
DERS, HIGHWAYS, and CITYBOUN) were drawn, one 
at a time, using desired colors and line types until the map 

was completed. Next, all text (i.e., labels and titles) was added 
to complete the base map (Figure 3). This step-by-step process 
had to be repeated every time the map was displayed. In 
order to avoid such a tedious task, PC ARCPLOT included 
SML, which could be used to create a batch type file that 
executed all steps for creating the base map so that map 
composition could be performed by typing in a single com­
mand. For the case study, the macro ANGELINA.SML was 
created to display the complete base map. 

Developing the Interface Between the GIS and the 
PMS Analysis Modules 

Interaction of the MICRO-PES software package and the PC 
ARC/INFO GIS can be accomplished at the following two 
levels: 

• Level 1 Integration-Basic, and entails the exchange of 
data files while running both packages independently of each 
other. An example of Level 1 integration would be the case 
in which the user first selects to run the RAMS-DOI program 
and then to run the GIS to display a map of the highway 
sections that were selected for maintenance or rehabilitation 
by the RAMS-DOl program. The user starts MICRO-PES 
and then the RAMS analysis subsystem. Then, when RAMS 
is done the user terminates the MICRO-PES session and exits 
to DOS. From DOS, a PC ARC/INFO session is initiated by 
entering the ARCPLOT module and by querying the system 
on the basis of any of the four RAMS-DOI output variables 
(STRATEGY, BENEFIT, COST, and/or BUDGET%) to 
produce the desired map display. 

•Level 2 Integration-Although Level 1 integration is 
straightforward, it also involves several steps that require a 
sound knowledge of PC ARC/INFO operation and principles. 
In Level 2 integration, the user will not have to be concerned 
with the operating principles of PC ARC/INFO because the 
interface makes the communications between PC ARC/INFO 
and MICRO-PES totally transparent. That is, the user will 



Paredes et al. 25 

TABLE 2 VARIABLES USED TO CREATE THE HIGHWAYS 
DATABASE 

Column Item Name Width Output Type 

HWY- ID 3 

PRE 3 

6 NUM 3 4 

9 LANE 2 c 

10 RUTT 4 

13 BLK 4 

16 PAT 4 

19 FAIL 3 4 

22 ALLIG 3 4 

25 LONG 3 4 

28 TRANS 3 4 

31 PSI 2 3 

33 SPEED 

35 PTYPE 3 

37 FC 

38 WIDTH 3 

40 AADT 5 6 

45 KIPS 5 6 

50 STRATEGY 2 

52 BENEFIT 7 7 N 

58 COST 11 11 N 

69 BUDGET % 6 6 N 

Columns 10 thru 30: Pavement distress types 

31 thru 32: Pavement roughness 

40 thru 44: Annual average daily traffic 

50 thru 51: Recommended rehabilitation strategy from RAMS -001 

52 thru 57: Benefit of applying strategy 

58 thru 68: Cost of rehabilitation strategy 

69 thru 74: Percent of budget spent by applying said strategy 

enter the GIS environment to either select highway sections 
to be analyzed through MICRO-PES analysis subsystems, or 
to display output from them, by means of an option in the 
MICRO-PES menu screen. Once the GIS options are exe­
cuted, the interface will return program control back to the 
same menu so the user can either perform a new analysis or 
terminate the session. 

The main concern of the present case study is to demon­
strate the feasibility of attaining Level 1 integration. Level 2 
integration, although it presents an ideal final product, requires 
more time and resources than those allotted to the study. 

SUMMARY AND RECOMMENDATIONS 

A GIS is a computerized data base management system for 
managing spatially defined data. Applications of a GIS are 
varied, and the capability for presenting information visually, 
in a form that the user can readily comprehend, is a distinct 
advantage over conventional data base management systems 
that present information in tabular form. 

Using a GIS has potential to satisfy the need of the engi­
neering districts in Texas for an automated procedure to 
generate maps highlighting substandard pavement sections. 
The development of a prototype GIS option for graphically 
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Angelina County 

Pavement Management 

System 

FIGURE 3 Base map for the case study. 

displaying output from the existing MICRO-PES analysis sub­
systems is a significant step toward satisfying the need by the 
engineering districts for graphics output capability . Although 
this prototype GIS is at the basic level of integration with the 
existing MICRO-PES analysis subsystems, it nevertheless has 
demonstrated the applicability of this technology as a tool for 
pavement management. Undoubtedly, improvements can be 
made later on so that the operation of the GIS within the 
MICRO-PES environment will be more transparent to the 
user. These improvements in the level of integration of the 
GIS with the PMS analysis subsystems in MICRO-PES will 
require the investigation of alternative methods of getting 
around the 640K memory address limitation of the current 
DOS environment. 

The prototype GIS module for MICRO-PES developed in 
this study shows the potential of the GIS as a tool for pave­
ment management. Consequently, the development of PMS 
and other transportation applications of GIS should be pur­
sued, and the following recommendations for future studies 
are hereby made : 

1. A survey of user requirements for a departmentwide GIS 
should be conducted. 

2. The applicability of using existing digitized maps from 
the department and elsewhere to develop the land base for a 
GIS should be investigated. 
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3. An implementation plan for GIS should be developed. 
4. Technical issues remain to be resolved, such as the 

incorporation of dynLlmic segmentation that \vould provide 
different alternatives for reporting highway-related data, 
i.e ., by 2-mi section, from intersection to intersection or at 
user-supplied limits. 

The prototype GIS developed in this study addresses appli­
cations of GIS specific only to the pavement management 
area, and many other applications exist for which a GIS may 
be used within a transportation agency. With this broader 
perspective , the recommendations set forth have been made. 
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Automated Conversion of Milepoint Data 
to Intersection/Link Network Structure: 
An Application of GIS in Transportation 

WENDE A. O'NEILL AND BALAKRISHNA AKUNDI 

Restructuring or converting network data is an essential function 
of the geographic information system (GIS) when adapted to 
transportation. Implementing effective data restructuring models 
in the GIS allows users to collect and maintain data in the format 
with which they are most familiar while allowing others to use it 
in a format they require. Milepoint referenced data in road inven­
tory files provide valuable network information for transportation 
research. Individual records in these files represent variable-length 
sections of roads. A new record is created each time a highway 
attribute changes. Consequently, a segment of road between two 
intersections may be represented by one or more records in a 
road inventory file. Further, all attributes in these records are 
associated with both directions of travel along a section of road. 
Many transportation analysis models require networks to be 
represented by a node-link data structure in which nodes sym­
bolize an intersection of two or more roads. Additionally, if a 
road is two directional, it is represented by two links, each of 
which has its own set of attributes. To utilize road inventory data 
in these analysis models, network information has to be converted 
from milepoint to an intersection/link format. This process involves 
aggregating and disaggregating attribute data to represent longer 
and shorter road segments, and also disaggregating data into 
bidirectional information. Data conversion efforts are needed to 
produce intersection/link network representations from milepoint 
data. A microcomputer model for data conversion is developed 
and application issues and model sensitivities are addressed. 

Many transportation agencies currently are investigating adap­
tation of the geographic information system (GIS) to transpor­
tation. One issue for consideration relates to data structures, 
specifically representation of transportation networks in 
digital data bases. Data base design solutions that require 
distinct groups within planning agencies to conform to one 
specific structure are unrealistic and unsatisfactory. A model 
developed here demonstrates that different network struc­
tures may be maintained by individual groups. Further, var­
ious data bases may be shared among groups, thus increasing 
information utilization and lessening redundancy. 

Road inventory files represent an extensive data base con­
taining highway attribute information. Records in these files 
represent sections of roadways such that a new record is cre­
ated each time an attribute changes. The data structure in 
road inventory files is represented by variable length segments 
representing several network attributes simultaneously within 
a segment. Consequently, there is a great deal of data redun­
dancy in these files. The spatial component in this data base 

W. A. O'Neill, 414 Cedar Orchard Dr., Blacksburg, Va. 24060. B. 
Akundi, Department of Civil Engineering, Virginia Polytechnic Insti­
tute and State University, Blacksburg, Va. 24061. 

limits queries to identification of the district, county, city, or 
town to which a highway belongs. Milepoint information is 
provided for each road segment terminus that does not repre­
sent a highway intersection. Additional milepoint information 
in each record gives the distance, in miles, from a set reference 
point to the beginning of the highway segment represented 
by the data record. 

A dynamically segmented data base structure may be 
addressed using the model. In this structure, each network 
attribute is associated with variable-length segments defined 
by occurrences of changes in the attribute. When several attri­
butes are overlayed, the intersection of segments represents 
the milepoint data structure found in the road inventory files. 

Transportation planning models typically require a network 
data structure in which links represent one-directional sec­
tions of roads. Nodes distinguish the beginning and end of 
each link and represent an intersection in which change in 
travel direction may occur. Attributes, such as those found 
in road inventory files, are associated with each link. Depend­
ing on the nature of the application, an intersection/link net­
work may encompass every road in a region or simply a subset 
of roads. 

To make use of road inventory or milepoint attribute infor­
mation in studies requiring an intersection/link data structure, 
aggregation and disaggregation of network data must take 
place. The manual process for performing this task is labor 
intensive and error prone. An automated procedure has been 
developed to simplify this data structure conversion process. 
As a result, road inventory files may be utilized in a broad 
range of applications. 

This paper describes theoretical and practical issues related 
to convers;on from one network data structure to another. 
Aggregation and disaggregation impact the accuracy of infor­
mation. Simple rules are defined in the model to achieve an 
intersection/link data base. 

NETWORK DATA AGGREGATION, 
DISAGGREGATION ISSUES 

Aggregation and disaggregation of spatial data have been 
addressed primarily by geographers for polygonal data struc­
tures. In transportation, sketch planning and network abstrac­
tion issues are relevant to aggregation and disaggregation of 
lineal data. Literature on GIS applications in transportation 
discusses data base design, methodologies for attaching attri­
bute data to lines, and the need for flexibility in transportation 
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data bases to meet a variety of objectives (1-4). Recently, 
Kuykendall (5) has addressed the capabilities of ARC/INFO 
to utilize data captured using a variety of location-referencing 
methods. However, no consideration is given to errors induced 
by converting data from one structure to another. Unfortu­
nately, few have researched the types of errors produced by 
aggregating and disaggregating network data and sensitivity 
of transportation models to these errors. 

Some network attribute data are used in transportation 
analysis to represent available travel supply. These values 
determine the level of service of a network, which, in turn, 
influences the amount of travel predicted, as well as the dis­
tribution of travel demand through the system. Certain trans­
portation applications, such as evaluating the impact on travel 
demand of increasing capacity on network links, require models 
to be sensitive to changes in network attributes, like increases 
in the number of lanes. Other applications strive for the oppo­
site effect. For example, when investigating a subregion of a 
network, an abstracted representation of the infrastructure 
outside the study area is desired. To achieve this abstraction, 
several links will be replaced by one link which, ideally, 
represents the same amount of supply available in original 
dala. Tliis appruad1 uf 111iHiu1iziug llie effects uf alle1i11g a 
network is also required for converting data structures. A new 
network representation should accurately reflect transportation 
supply found in the existing structure. 

A pilot survey of state departments of transportation (DOTs) 
has been conducted to determine methods used for data struc­
ture conversion. The Virginia DOT is working with consul­
tants to convert milepoint data to an intersection/link structure. 
All data are being stored as offset information and pointers 

segment 6 

link 5 
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are used to indicate direction of travel to which some attri­
butes apply. It is left to the user to aggregate and disaggregate 
information to fit the particular application (unpublished data). 
The Maryland DOT has developed a data base structure that 
accommodates both milepoint and intersection/link queries. 
The Florida DOT recently completed conversion of milepoint 
data to an intersection/link structure (unpublished data). More 
information on these systems is forthcoming. The Wisconsin 
DOT has written Fortran routines to convert data structures. 
Smoothing algorithms used within these routines are currently 
being analyzed (unpublished data). 

Although data base conversion is taking place in transpor­
tation agencies, the underlying issue of how to attach attri­
butes to a new structure without compromising accuracy of 
existing information has not been sufficiently researched. A 
typical example of the situation faced in data structure con­
version is shown in Figure 1. These roads are in James City 
County, Virginia. Note that a single line has been indicated 
for the link structure when in fact each line represents two 
links, one for each travel direction. Only three geographical 
locations of intersections and milepoint terminus correspond. 
Consequently, network attribute information found in Seg­
menls 1, 2, am! 3 musl be mappeu Lu Liuks 1 aud 2. Dala 
relevant to Segment 5 must be reflected in attributes of Links 
3, 4, and 5. A few milepoint segment attributes found in road 
inventory files are presented in Table 1. for this network 
segment, a decision must be made on how to determine the 
number of lanes and surface width for Link 1. This decision 
impacts link capacity, which, in turn, affects travel demand 
assigned on the link. The model developed here for data con­
version allows sensitivity testing of aggregation/disaggregation 

Rt 5 

segment 5 4 segment 3 : : 1 

link 3 link 2 ~ link 1 

0 
mlles 

FIGURE 1 Network link and milepoint road segments in James City County, Virginia. 
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TABLE 1 SAMPLE MILEPOINT SEGMENT ATTRIBUTES 

Rt. From To Length SW ShW Lanes AADT ST MP 

5 Rt199 18MWRt199 0.18 50 6 4 6260 6 5.01 

5 18MWRt199 24MWRt199 0.06 24 6 2 6260 6 5.19 

5 24MWRt199 Rt615 1.55 24 6 2 6260 6 5.25 

5 Rt615 Rt1438 0.67 24 6 2 4590 6 6.80 

5 Rt1438 53MWRt1101 2.28 24 6 2 4590 6 7.47 

5 53MWRt1101 Chickahominy 3.43 24 6 2 4590 6 9.75 

SW ; Surface Width, ShW ; Shoulder Width, ST ; Surface Type, MP ; Milepoint 

rules so that accuracy in characterizing network supply is 
maximized. 

DATA STRUCTURE CONVERSION MODEL 

Input Requirements 

Graphic display of a network is becoming commonplace in 
many transportation analysis models. Inherent in the defini­
tion of GIS is the ability of a system to graphically display 
and manipulate data. To enhance user-friendliness and sim­
plify computational complexity of the conversion procedure 
described here, graphic images of highway networks are used 
by the microcomputer model. However, road inventory files 
contain highway attribute or descriptive data from which it is 
difficult to construct a map. Locational information found in 
road inventory files is summarized as follows. Each record 
contains (a) district, county, city or town identifiers, (b) the 
route number of the road segment, and ( c) 12-character labels 
identifying termini-from and termini-to locations of the seg­
ment. No digital coordinates are provided in these files. Con­
sequently, visual representation of the underlying network is 
not easily obtainable from this information. 

A digital data base representing a map of the study area 
network is used to simplify data conversion. This digital 
representation conforms to an intersection/link network struc­
ture. Information on route number or name of each link 
accompanies the x,y coordinates of each node. Route num­
bers of links intersecting at the beginning and end node of 
each link are necessary. Depending on the nature of the appli­
cation, other locational information may include county and 
analysis zone identifiers. 

Several options are available for creating or obtaining a 
digital map to be used in the conversion process. Two pro­
cedures are described. If the study area is small and a digitizing 
table is available, software is provided in the data conversion 
system to create the required data base. Several base maps, 
such as county highway maps and U.S. Geological Survey 7.5-
min quadrangle maps, may be used to identify an intersection/ 
link structure that is matched with the location referencing 

method applied in road inventory files. Users may capture 
x,y coordinates for network nodes alone or digitize several 
shape points to represent curves in each link. A label, entered 
during digitizing, is associated with each link in the file. This 
label is similar to identifiers found in road inventory files. It 
indicates route name and the names of intersecting routes. 
Providing names of intersecting routes during digitizing is not 
necessary but may easily be done when the study area is small. 
Otherwise, this information can be constructed from the data 
base, assuming each link has been labeled. Finally, a county 
code may be entered that matches county code numbers found 
in road inventory files. County codes are used in the search 
process to eliminate sections of a road outside the area of 
interest. 

An alternative method for obtaining a digital representation 
of the study area is to use an existing data base such as highway 
network (HNET) files [generated in Urban Transportation 
Planning System (UTPS)] containing link and node infor­
mation, or TIGER files created by the Census Bureau, or 
possibly Digital Line Graphs (DLGs) produced by the U.S. 
Geological Survey. Any existing data base will require editing 
to incorporate link label information and county codes if this 
information is not currently present. In urbanized study areas, 
HNET files represent an ideal source as long as network 
information has been maintained. However, in many instances 
HNET files are incompatible with road inventory files that 
contain statewide data on primary and secondary roads, Inter­
states, and any road with a federal project number. In this 
event, TIGER or DIME files or DLGs may be used. These 
files require some restructuring to achieve an intersection/link 
highway network data structure. Further, users should be 
aware that a common criticisrr.i of purchased or externally 
acquired data bases is that information often is outdated, so, 
for example, newly constructed roads may not be in the file. 

Data Structure Conversion 

A two-step process is undertaken for converting milepoint 
information to an intersection/link structure. The first step 
involves variable or attribute definition. The second step 
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converts data based on rules defined in the previous step . 
Details on each of these procedures follow. 

Variable Definition 

Two types of variables found in road inventory files may be 
classified as measured and descriptive. A measured variable 
is one that may be aggregated or disaggregated using math­
ematical equations without significant loss in accuracy. This 
assumption is not valid for descriptive variables. With de­
scriptive variables, aggregation of information will result in 
unacceptable loss in accuracy. 

An example will clarify the variable classification meth­
odology required to distinguish data types. Figure 2 shows a 
link that comprises three milepoint road segments. Each seg­
ment has a variable or attribute associated with it that takes 
on values A, B, and C. Suppose the variable is system domain 
and a value of A represents private land, B represents state 
agencies, and C represents national park service. If this infor­
mation is aggregated on the basis of weighting formula, the 
value of the variable stored in the intersection/link structure 
is C because it is the value associated with the longest segment. 
When the new data base is queried to identify all links with 
value A, this link would not be selected because this infor­
mation is lost from the system. However, if for each of these 
segments, the values for A, B, and C represent the number 
of structures within a certain distance from the shoulder, these 
values may be summed into a single link value without loss 
of accuracy. 

Examples of measured data in road inventory files include 
length, number of at-grade railroad crossings, and number of 
structures. Descriptive data include surface and base type, 
route signing, and functional class. A group of variables, like 
surface and shoulder width, number of lanes, and average 
annual daily traffic (AADT) cannot be classified strictly as 
measured or descriptive. Mathematically aggregating values 
of these variables over a link is appropriate for some appli­
cations and inappropriate for others. A complete list of var­
iables in road inventory files may be found in Table 2. Each 
variable has been labeled as descriptive or measured. Some 
records in road inventory files represent sample sections for 
the FHWA's Highway Performance Monitoring System 
(HPMS). For these sample sections, much more comprehen­
sive data are maintained. A list of additional variables found 
in HPMS sections is provided in Table 3 as well as default 
classifications as measured or descriptive variables. 

In the data conversion computer model, users are allowed 
to select which variables in road inventory files to convert to 
an intersection/link structure. The specific application for which 
data are required will dictate this selection process. For instance, 
applications using data to calculate link capacity from the 
Highway Capacity Manual formulation may use lane and 

A B c 

• • 4 mi • 3 mi .6 mi 

FIGURE 2 Schematic link representation in milepoint 
segments. 

• 
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shoulder width, number of lanes, and percent trucks attributes 
in road inventory files. However, applications that derive link 
capacity from the UTPS look-up table use facility and area 
type data. 

Users also may change default classifications of selected 
variables. Classification of a variable dictates how and what 
type of information is kept in the new data base. If a variable 
is classified as descriptive, each link contains offset infor­
mation along with the value of the variable associated with 
each segment. For example, referring to the link in Figure 2, 
attached to this link in the new data base is information indi­
cating that this variable has value A for 0.4 mi, value B for 
0.3 mi, and value C for 0.6 mi. If, however, the value of a 
descriptive variable does not change between segments, 
redundant information is not stored. For example, if the var­
iable in Figure 2 has value A instead of B in Segment 2, the 
new data base saves this information as follows: value A for 
0.7 mi, value C for 0.6 mi. Inclusion of a large number of 
descriptive variables significantly increases data base size. To 
simplify manipulation of information, separate data files are 
created for each descriptive variable that contain pointers to 
network links. 

Variables classified as measured have default aggregation/ 
disaggregation rules associated with them. For instance, 
length, number of structures, and number of RR crossings 
for each segment are summed. If AADT is aggregated, a 
weighted averaging method is provided. As this system is 
enhanced, users will be allowed to enter conversion equa­
tions as well as define new variables as mathematical and 
logical combinations of road inventory variables. 

Data Conversion 

Actual conversion of a milepoint data base into an intersec­
tion/link structure occurs in an interactive manner. Ideally, if 
all road segments fit perfectly into a link, conversion would 
be rather simple. Complications arise from the two input 
sources, namely, the road inventory files and the intersection/ 
link digital data base. In road inventory files, segments do 
not necessarily terminate at all intersections. Further, users 
may not have selected all roads in the network as part of their 
digital data base. Consequently, users must be queried on 
how to handle special cases that occur during link building. 

Before conversion can take place, road inventory files must 
be downloaded from the mainframe to a PC. Due to the size 
of these files, it is recommended that data are sorted first by 
county and stored in separate files. Users may then download 
any county of interest when needed. 

The digital map of the study area is displayed on the com­
puter screen throughout the process. Two methods are pro­
vided for identifying links for conversion. Either the program 
will convert links sequentially in the file or users can select 
individual links for conversion. Before converting data struc­
tures, the digital network file is sorted by route number to 
facilitate a sequential conversion approach. The second tech­
nique, individual link selection, provides users the flexibility 
of displaying a regional or statewide network though actually 
building a data base for a subarea. A zooming function is 
provided in the model for more precise display of the area of 
concern. 
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TABLE 2 ROAD INVENTORY FILE FORMAT 

Column(s) Variable Classification 

46- 50 Length Measured 

51 - 52 Surface Width Measured/Descriptive 

53 - 54 Shoulder Width Measured/Descriptive 

55 Surface Type Descriptive 

56 Base Type Descriptive 

57- 58 Kind of Highway 

# Lanes Measured/Descriptive 

Type of facility & access control Descriptive 

59-60 Rural & urban public at grade crossings Measured 

61 -66 AADT Measured /Descriptive 

67 Type of Section lden!Kicatlon Descriptive 

68 - 72 Mllepoint Measured 

73 Route signing Descriptive 

74- 79 System 

Governmental level of control Descriptive 

Location Descriptive 

Federal aid system Descriptive 

Federal, state & local domain Descriptive 

Special system 

Public road 

80 -83 Operation 

Reversible lanes 

Trucks/commercial vehicles 

HOV lanes 

Toll 

84 Functional class 

85 Special code 

Once a link has been selected for conversion, the immediate 
network surrounding the link is displayed, including node 
numbers . This link is placed in a box and highlighted on the 
regional map. Information on route number of the link as 
well as route numbers of intersecting links is provided (see 
Figure 3) . Link length, in miles, is calculated from digital 
coordinates and scaling information. Error in determining 
distance from digital coordinates is introduced by the digitiz­
ing process and compounded by line generalization techniques 
as described by McMaster (6). Thus, it is necessary for the 
conversion procedure to rely on additional information, when 
available, and estimation routines to match milepoint seg-

Descriptive 

Descriptive 

Descriptive 

Descriptive 

Descriptive 

Descriptive 

Descriptive 

Descriptive 

ments to links . This interactive system allows the user to have 
the final say in piecing together the network data base. A 
county code associated with each link is used to determine 
the appropriate file to search for road attribute data. Within 
a county file, all records associated with the highway route 
of interest are identified. 

Primary information in road inventory files used in the 
search algorithm is beginning and end termini labels . If a 
sequential data conversion technique is used, all links in a 
route identify a path from reference point zero through the 
county to a second zero reference point. Links are processed 
along this path by matching record end termini labels to cross-



TABLE 3 ROAD INVENTORY HPMS FORMAT 

Column(s) Variable Classification 

97 - 98 Surface width Measured/Descriptive 

99 - 101 Approach width Measured/Descriptive 

102 Shoulder type Descriptive 

103 - 106 Shoulder width Measured/Descriptive 

107 Median type Descriptive 

108-109 Median width Measured/Descriptive 

110 Widening feasibility Descriptive 

111 Horizontal alignment adequacy Descriptive 

112 Vertical alignment adequacy Descriptive 

113 - 115 Percent passing sight distance Measured/Descriptive 

116. 117 Speed limit Measured/Descriptive 

118. 119 Average highway speed Measured/Descriptive 

120 Signal type Descriptive 

121 - 122 Percent green time Measured 

123 - 124 Parking Descriptive 

125 Terrain type Descriptive 

126 Type of development Descriptive 

127 Urban location Descriptive 

128. 129 Grade separated interchanges Measured 

At grade intersections with 

130 - 131 signals Measured 

132. 133 stop signs Measured 

134. 135 other or no control Measured 

136 - 137 Commercial access points Measured 

138 - 139 Structures Measured 

140. 141 At grade railroad crossings Measured 

142. 143 Type of Improvement Descriptive 

144 -155 Sample number identification Descriptive 

156 Sample section subdivision Descriptive 

157 -161 State HPMS sample number Descriptive 

162 . 163 MDT volume group identifier Descriptive 

164-168 Expansion factor Measured 

169 Pavement section Descriptive 

170 -171 Structural number or slab thickness Measured/Descriptive 

172. 174 Pavement condition Measured /Descriptive 

175 . 176 Skid resistance Measured/Descriptive 

177 -179 Existing right-of-way width Measured/Descriptive 

180 - 181 Percent trucks peak period Measured 

TABLE 3 (continued on next page) 
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TABLE 3 (continued) 

Column(s) Variable 

182 . 183 Percent trucks off-peak period 

184 • 185 K-factor 

186 • 188 Direction factor 

189 - 193 Urban peak capacity 

194 . 198 Urban off-peak capacity 

199 . 204 Future AADT 

205 Drainage adequacy 

12 

Route 621 from 626 to 127 

Classification 

Measured 

Measured 

Measured 

Measured/Descriptive 

Measured/Descriptive 

Measured/Descriptive 

Measured/Descriptive 

33 

FIGURE 3 Screen representation of data conversion program. 

route labels at intersections. If an intersection occurs between 
the endpoints of a road segment, distance information is used 
to disaggregate data in this segment and assign converted data 
to the two links. When multiple road segments form a link, 
selected variables are aggregated using rules defined by users. 
As records in road inventory files are being assigned to net­
work links, they are displayed on the terminal to facilitate 
user intervention. 

SUMMARY AND CONCLUSIONS 

The model described is still in a design and development stage. 
On completion of programming, tests will be run on several 

networks. Emphasis will be placed on using available digital 
files, such as TIGER files, to reduce the effort and cost asso­
ciated with digitizing network maps. Investigations will con­
centrate on sensitivity of network analysis to aggregation and 
disaggregation of supply variables, ability of the model to 
improve, in terms of accuracy, speed, and flexibility, the man­
ual process of building a network using incompatible data, 
and user-friendliness of the procedure. As tests are run, 
improvements will be made to the model as required in order 
to develop a system that facilitates sharing of transportation 
data bases. 

Issues of data accuracy and the impact of aggregation and 
disaggregation of network supply attributes for subregion 
analysis and data structure conversion are topics for continued 
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research. The model presented here is intended to facilitate 
the data conversion process. However, further investigation is 
required into appropriate models for network data aggregation. 
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Use of Geographic Information Systems in 
Managing Hazardous Materials Shipments 

MARK ABKOWITZ, p AUL DER-MING CHENG, AND MARK LEPOFSKY 

The safe transport of hazardous materials is emerging as a sig­
nificant concern impacting local, regional, and national trans­
portation policy. For this reason, there is a pressing need to 
develop methods for evaluating alternative shipment routes, and 
for developing emergency preparedness and evacuation plans in 
the event that a hazardous cargo spill occurs. Because the analysis 
of hazardous materials shipping and handling necessarily involves 
a close interaction between the transport system and its surround­
ing environment, the advent of the geographic information system 
(GIS) provides important opportunities for providing improved 
decision support in managing safe transport. GIS applications are 
defined for hazardous materials transport problems, and the ben­
efits that can be achieved through adaptation of GIS to this sub­
ject area are demonstrated. In this context, the following infor­
mation is presented: (a) the decision environment for managing 
hazardous materials shipments , (b) GIS data availability to sup­
port analysis needs, (c) application of a first-generation GIS model 
to identify preferred hazardous materials shipment routes, (d) 
comprehensive approaches using GIS for emergency prepared­
ness and evacuation planning, and (e) problems encountered in 
using GIS technology for hazardous materials transport appli­
cations. A GIS approach offers potential for addressing these 
subject areas. Models already operational today demonstrate the 
immediate value of using a GIS, and the future design of more 
comprehensive methodology should provide even greater benefits. 

Each year , modes of transportation in the United States , 
excluding pipelines , together carry some 1.5 billion tons of 
hazardous materials~chemical and petroleum products , 
including acids, fuels, explosives, fertilizers, and a variety of 
industrial wastes (J). Of this, approximately 65 percent is 
carried by truck and rail from manufacturers to a vast array 
of users. 
· Faced with such widespread transportation and distribution 

of hazardous materials, and the associated potential for costly 
and health-threatening spills, government agencies at federal, 
state, and local levels, as well as industry, have been forced 
to address the regulation and routing of hazardous materials , 
in addition to emergency preparedness and response. These 
responsibilities have necessitated the development of com­
prehensive approaches to risk management that consider the 
physical and operational aspects of the transport system in 
concert with characteristics of the surrounding land use, such 
as population distribution and the location of environmentally 
sensitive areas. The advent of the geographic information 
system (GIS), therefore, provides an important opportunity 
for improved decision support for the safe management of 
hazardous materials shipments . 

Department of Civil and Environmental Engineering, Vanderbilt 
University, Box 103, Station B, Nashville, Tenn. 37235. 

The objective is to examine the role of the GIS in analyzing 
hazardous materials transport problems, and to demonstrate 
the benefits that can be derived by adaptation of GIS to this 
subject area. This discussion is presented according to the 
following sequence: (a) the nature of the hazardous materials 
transport environment, (b) data needs to perform analysis 
requirements and the ability of GIS to support these needs , 
(c) illustration of a first-generation GIS-based model to select 
safe routes for movement of hazardous cargo, ( d) discussion 
of future enhancements involving GIS to reach a more com­
prehensive approach to management of hazardous materials 
shipments , and ( e) problems encountered in using GIS tech­
nology for hazardous materials transportation applications. 

PROBLEM FOCUS 

Transportation considerations involving hazardous materials 
can be conveniently divided into two basic categories, namely 
decisions involving site selection and those focusing exclu­
sively on the transport operation. In site selection, the location 
of shipment origins and generated volumes are usually known, 
and the question focuses on location of the destination site 
and the capacity of the terminal facility. A typical example 
of this problem concerns the decision about where to locate 
a hazardous waste disposal facility. For the site selection prob­
lem, transport mode and route selection are also decision 
variables , although they are hierarchical decisions, anchored 
to each specific site location and receiving capacity alterna­
tive. Consequently, transportation impacts feed into a broader 
process that leads to a siting recommendation. 

The transport operation problem, which is a far more com­
mon application, assumes that the location of the shipment 
origin and destination are known, as are shipment volumes 
and receiving capacities. In this instance, choice of transport 
mode and preferred route are the sole decision variables, and 
analysis of transportation impacts leads directly to policy for­
mulation. A classic problem in this area is the routing of an 
extremely hazardous material by truck, rail, or barge between 
the shipment origin and destination, where each candidate 
route will expose different communities to the potential of a 
release . The complexity in technical representation of the 
transport costs and risks involved and the political attention 
devoted to the routing question present imposing challenges 
on decision support model development. 

Closely related to the question of routing is the area of 
emergency preparedness and response . As a release can 
potentially occur during loading or unloading at a handling 
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facility or while the shipmeiit is in transit, the ability to effec­
tively deploy emergency response personnel and schedule 
appropriate evacuation procedures (if necessary) is para­
mount. A considerable amount of preplanning may be needed 
so that appropriate actions can be taken in the event a release 
does occur; there is also the need for dynamic response while 
the incident is taking place . Knowledge of the location and 
capability of emergency response units, potential population 
requiring evacuation, and accessibility and capacity of the 
roadway system are all critical elements to an effective 
emergency preparedness and response plan. As it relates 
to the handling of shipments at facility sites, this problem 
has taken on added significance with the passage of the 
Superfund Amendments and Reauthorization Act (SARA). 
This legislation effectively requires local jurisdictions to 
develop emergency plans for dealing with specific hazardous 
materials (2). 

Factors affecting decisions involving the management of 
hazardous materials shipments can be generally separated into 
economic and safety considerations. The chief economic con­
sideration typically involves carrier/shipper operating costs to 
use the transportation system. Direct economic impacts are 
also associated with the costs of maintaining the infrastruc­
ture , developing and implementing regulatory policy , inspec­
tion/enforcement, and emergency response (including cleanup) 
programs. 

Safety effects focus on the risks associated with the likeli­
hood of an accident/incident that causes a container failure 
and subsequent materials release. In such instances, there is 
the potential for causing serious harm to the population and 
the environment. Consequence severity can be impacted by 
a number of factors, among which are rate of release, ship­
ment size, toxic effects of the material, local demographics, 
and the response times and capabilities of emergency man­
agement personnel. Understanding the likelihood of different 
consequences is a fundamental part of risk assessment. 

The analytical framework for addressing hazardous mate­
rials transport decision problems can be quite complex to 
represent mathematically. It can require identification and 
quantification of the state or condition of many transportation­
related elements, including the following: 

• Transportation infrastructure and use of the relevant 
transportation network. 

•Transportation regulation and inspection programs 
affecting the transport facility. 

•Characteristics of the population and environment adja­
cent to each network segment (link). 

• Location and capability of emergency response units. 
• Shipment and vehicle operating characteristics. 

GIS provides an ideal environment for managing hazardous 
materials shipments because it involves the overlay of many 
transport network attributes as well as other GIS data layers 
(e.g., demographic, topographic, and weather) on individual 
network segments in order to properly characterize accident/ 
incident likelihood and consequence to the population and 
environment. This application also involves the integration of 
the GIS with sophisticated mathematical models and search 
procedures to identify preferred management options (3). 
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INFORMATION REQUIREMENTS 

The information required to support hazardous materials 
transportation analysis can be generally classified into the 
following three categories: (a) transportation network, (b) 
social/demographic factors, and (c) other geographical 
considerations. 

Transportation Network 

Transportation network considerations consist of physical 
dimensions (geometrics) of the transportation system and its 
associated use. Each network link (segment) and node (inter­
section) must be defined by its locational coordinates, so that 
these coordinates can be integrated with other geographical 
information to create a common referencing system. 

Typical network attributes that are desirable to append to 
the transport network for hazardous materials transportation 
analysis include (a) distance, (b) average daily traffic, (c) 
number of lanes (tracks), (d) physical condition, (e) accident 
rate, (f) bridge and tunnel clearances, (g) curvature/grades, 
and (h) temporary restrictions. The geometric characteristics 
are important in defining each segment in terms of permissible 
traffic; for example, certain shipments may be restricted from 
passage on roads without sufficient clearance. Geometric 
characteristics are also used to classify transport segments into 
categories for subsequent analysis (e .g., accident likelihood 
may vary by curvature and grade). 

Attributes more closely related to transport segment uti­
lization correspond to the movement of traffic across the seg­
ment and the quality of service provided. Accident likelihood/ 
severity and travel time are two principal outputs generated 
from the process of examining utilization in concert with design 
standards as determined through segment geometrics . 

Most transport network information can be obtained through 
state agencies . The difficulty is in integrating this information 
and assigning it to the proper location of the physical network 
( 4) . As an example , difficulties can arise where traffic counts 
are taken at places that do not conveniently overlay with the 
locational framework in which accident statistics are com­
piled . Considerable progress is being made in this regard 
through the use of dynamic segmentation, a concept that allows 
for creation of interpolated segments and identification of 
points within a segment (5). Thus, an appropriate location 
reference system can be eslablisht:d . 

Social/Demographic Factors 

The interactions between the transportation system, the adja­
cent land use, and environment are defined herein as social/ 
demographic factors. Included among these are (a) popula­
tion within varying distances of the transport segment, (b) 
response time from the nearest first (and ultimate) responder 
and associated response capability, and ( c) the distance to 
schools, hospitals, water supplies, and other ecologically 
sensitive areas. 

Knowledge of the population distribution adjacent to the 
transport facility determines the impacted population that might 
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be exposed to a potentially hazardous materials spill. The 
distance from the transport segment, as one would expect, 
has implications on the level of exposure that depend on the 
characteristics of the release event. 

The response time from the nearest response unit and the 
ultimate response capability are indicators of how quickly a 
spill can be reacted to and controlled should one occur at a 
given point in the transportation system. An important dis­
tinction must be made between first response (on-scene arrival) 
and ultimate response (capability to control the release). 
Although both are important, first response is directed more 
at responding to the immediate consequences of the incident, 
whereas ultimate response focuses on containing the source 
of the problem. 

Proximity of schools, hospitals, water supplies, and other 
ecologically sensitive areas identifies the presence of sensitive 
locations and their (impact) distance from the transport facil­
ity. This may prove particularly important in the determi­
nation of routing criteria as well as in the development of 
emergency preparedness and evacuation planning. 

Social/demographic factors can be generated from G IS data 
describing the surrounding land use, overlaying this infor­
mation on the transportation physical coordinates, and deriv­
ing appropriate measures for each transport segment using 
computational geometry and other mathematical derivations. 
These attributes, in essence, would be computer derived and 
subsequently added as fields in the record structure of the 
transportation network data base. 

Other Geographical Considerations 

Other geographical considerations refer to information on 
weather, topography, and geology, all available through a 
GIS, that can potentially be overlayed on the transportation 
and social/demographic data to permit a more precise assess­
ment of health impacts from a transport spill. Important weather 
considerations include wind direction, wind speed, and tem­
perature for the purpose of determining release dispersion. 
Topography adjacent to the transport facility plays an impor­
tant factor in dispersion, whereas geological characterization 
of the surrounding area has important implications on ground 
and surface water contaminant flow. 

As in the case of social/demographic considerations, it is 
expected that these measures can be derived from GIS data 
and appended as segment level attributes in the transportation 
network. 

ROUTING APPLICATIONS 

In moving towards an idealized GIS approach to hazardous 
materials transportation analysis, the authors have been engaged 
in the development of first-generation hazardous materials 
routing models that rely heavily on GIS technology. The GIS 
applications environment used in this research possesses the 
following features: (a) can be performed using a stand-alone 
microcomputer, (b) provides enhanced graphics output, (c) 
permits flexibility in evaluating alternative routes, ( d) is designed 
to accommodate future data collection and model enhance-
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ments, and ( e) provides an opportunity to integrate generic 
approaches with selective customization. 

The transportation network used in this system is a GIS 
road network maintained by Oak Ridge Nati nal Laboratory, 
based on a U.S. Geological Survey 1:2,000 000 scale map. 
Several network attributes have been assembled from various 
public domain sources , and have also enhanced the data base 
through the addition of new attributes and substitution of 
certain attribute values where more detailed information (e.g., 
state accident files and traffic counts) have been obtained. 
The network can support both national and localized routing 
studies, and can accommodate other scales and formats, such 
as the U.S. Geological Survey 1:100,000 scale maps and the 
Bureau of the Census TIGER files. 

The principal social/demographic factor that is operational 
in the referenced hazardous materials transportation routing 
model is population. This is a GIS data base of enumeration 
district centroids with attribute information, available through 
the Bureau of the Census . A comprehensive procedure has 
been applied to these data to create an enumeration district 
boundary file and to spread the population in each district 
nonuniformly across this area according to a gradient method 
(6-9). 

The enumeration district boundary file for each district is 
established by drawing lines that bisect each adjacent enu­
meration district centroid. Through recursive use of this proc­
ess, enumeration district borders aJe haped such that every 
district occupies a unique area surrounding its centroid , and 
collectively the districts occupy the entire county area. 

The gradient method that is subsequently applied is based 
on the premise that the population in a district is likely to be 
distributed proportionate to the population densities of neigh­
boring districts. Consequently, of two equal-sized areas located 
within the same district, the area located closer to a neighbor 
with a greater population density will be assigned a greater 
proportion of the district population than the area located 
closer to a neighbor with a lower population concentration. 
This is done to preserve the continuity of urban and rural 
land use which is independent of the nature in which enu­
meration districts are defined by the Bureau of the Census. 

Once the gradient method has been applied, the entire 
county is divided into cells, each of which encompasses an 
area of 30 sec of longitude by 30 sec of latitude. This corre­
sponds to approximately an area of one-quarter square mile. 
The centroid of each of these cells effectively becomes the 
GIS population data base for exposure analysis. 

The overlay of the GIS population data base onto the GIS 
transportation network is subsequently performed, and com­
putational methods are applied to derive relevant population 
exposure measures for hazardous materials transportation 
analysis . This measure is defined as the population bandwidth 
(see Figure 1). The bandwidth corresponds to an impact band 
on each side of a transport segment, and is drawn as a con­
tinuous line along the segment to represent that an incident 
can occur at any point along a shipment path. Using either 
chemical dispersion models or expert judgment, the maximum 
exposure distance for a particular shipment and material can 
be determined, and subsequently used to define the appro­
priate bandwidth. The affected population is then derived for 
the selected bandwidth using the previously described method. 
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-Transport segment 

FIGURE 1 Spill exposure using transport band widths. 

The search and solution process uses a network algorithm 
referred to as the "double-sweep method" (JO). This algo­
rithm provides an efficient search procedure and finds a global 
optimum, such that large-scale network (e.g., U.S. principal 
road system) applications can be solved in a matter of minutes. 
Network restrictions, such as prohibiting movement on cer­
tain transport segments, can also be easily accommodated in 
the solution environment. 

The issue of routing is, perhaps, the most controversial 
regulatory question that federal, state, and local officials have 
had to contend with, as it relates to passage of hazardous 
materials through each jurisdiction, and considerable political 
pressure is being applied at several levels to impose routing 
restrictions on carriers. If imposed, restrictions typically force 
a carrier to seek a more costly routing but lower-risk alter­
native, creating an important tradeoff between economic and 
safety impacts in moving hazardous goods (11). The following 
application illustrates the use of the referenced GIS hazardous 
materials transportation routing model in revealing this 
conflict. 

Figure 2 shows the results of an application of the GIS 
routing model to a shipment from Moses Lake, Washington, 
to Newport, Tennessee, in which the selected criterion was 
to minimize shipment distance. The same analysis is shown 
in Figure 3, except in this case the entire weight is placed on 
minimizing population exposure within a 3-mi band along the 
preferred route (POP 3), essentially a proxy measure for min­
imizing risk. Through comparison of these two alternatives 
that represent economic and safety criteria, respectively, some 
in observations can be made. Most notable are the different 
spatial routes involved in the optimal solutions. 

In a policy context, not only would the pursuit of safety 
suggest a different preferred route, but it would also result 
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in the impacts' being distributed to a different set of com­
munities and states, causing a potential for political upheaval. 
The more circuitous route might also he a source of objec­
tion from industry. This, in essence, reveals the contro­
versial circumstances in which routing regulation must be 
evaluated (12). 

Compromise or negotiated solutions could be achieved 
through comparison of routing solutions prompted by the 
definition of different routing criteria. For example, in exam­
ining Figures 2 and 3, it appears that population exposure can 
be reduced by approximately 70 percent for an approximately 
10 percent increase in trip distance, when moving from a 
totally economically based criterion preference to one in which 
exposure to population is the sole criterion. In both figures, 
several other impact measures are tabulated, so that the policy 
analyst can evaluate alternative routes on a multidimensional 
basis. 

The legend used in these output tables is as follows: 

•DISTANCE-total route distance (miles); 
• POP;-total route population living within i miles of the 

route; 
• KELlABILITY -indicator of the level of operational 

safety on the route (formulated as a function of the inverse 
of the shipment accident likelihood); 

•TIME-total route travel time (hours) under assump­
tions of uncongested, partially congested, and fully congested 
traffic, respectively; and 

•COST-total shipment cost ($). 

Other capabilities inherent in this first-generation GIS 
transportation routing model include the abilities to (a) zoom 
in or out from a geographical area, (b) label transport maps 
according to a choice among several descriptors (e.g., route 
number, segment number, segment distance), (c) select pop­
ulation exposure measures from bandwidths of 0.25, 0.50, 1, 
3, 5, 10, and 25 mi, (d) make routing selections using criteria 
of minimizing travel time or accident likelihood in addition 
to minimizing distance or population exposure (or simulta­
neous consideration of multiple criteria), (e) require a ship­
ment to pass through or avoid network segments or intersec­
tions where routing restrictions apply, (f) identify segments 
with outlier attribute values for a specified attribute (e.g., 
excessively high accident potential), and (g) define different 
transport network densities (e.g., Interstates only and all 
Interstate, state, and U.S. highways). These features permit 
the representation of a multitude of location-specific, haz­
ardous materials transportation problems that agencies often 
confront. 

Second-generation development is also underway to enhance 
the capability of GIS-based hazardous materials transport 
analysis techniques. These include (a) adding rail, marine, and 
intermodal transport to the routing and risk analysis system, 
(b) including emergency response locations in the mapping 
system and adding minimum emergency response time as a 
routing criterion, ( c) including more comprehensive informa­
tion on the transport network and surrounding area, such as 
weather data, topographic information, and location of envi­
ronmentally sensitive areas, ( d) inclusion of time-dependent 
attributes, such as assigning traffic congestion effects and 
interchanging employment and residential population expo­
sure depending on time-of-day, and (e) developing chemical-
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FIGURE 2 Shortest distance path between Moses Lake, Washington , and Newport, Tennessee. 

specific exposure measures using inputs such as wind direction 
and speed, temperature, physical behavior of the chemical 
under consideration, topography, and other relevant factors 
in understanding the size, shape, and movement of plume 
dispersion. These techniques will permit a more direct assess­
ment of expected injuries and deaths on the basis of the toxic 
effects of a release. 

EMERGENCY PREPAREDNESS AND 
EVACUATION PLANNING 

As mentioned previously, another developing consideration 
closely related to hazardous materials routing is emergency 
preparedness and evacuation planning. These applications are 
complex because one must simultaneously monitor spill con­
sequence, status of emergency response personnel, and avail­
ability and capacity of potential evacuation routes. Figure 4 
shows these problems as defined in a GIS context for a release 
of hazardous cargo on the Washington Beltway. Four critical 
events are occurring concurrently that must be tracked and 
integrated for analysis purposes: (a) a spill has been reported 
and one or more emergency response units (with the Red 

Cross symbol) have been deployed and are en route to the 
scene, (b) a plume may be forming and spewing toxic fumes 
across land areas, (c) the possibility of evacuation exists and 
lhe identificati n of evacu::it ion routes must be made, and (d) 
ti me i pa. ing. Each of the ·e issues is examined individually 
in the fo llowing di. cussion. 

When a spill is reported, contact must be established with 
the first and ultimate responders, and these units are subse­
quen tly depl yed to the scene. The identification of the appro­
priate resp · n. e units can be identified using a GIS ove rl a r of 
response unit location (with a capability attribute) onto the 
transp rta tion system and location of the r lea e ·ite. Resp msc 
ti mes to the scene from each un it can be de rived and the unit · 
with the minimum response time would be dispatched. 

Plume formation depends on a number of factors related 
to the release, material involved, and site characteristics. As 
an output from an appropriate dispersion model, the plume 
size, shape, and direction can be overlayed onto the GIS data 
bases that represent the population distribution and location 
of environmentally sensitive areas. The number of people 
exposed at any given time can be determined, as well as the 
identification of affected schools, water supplies, etc. Most 
plumes contain inner portions in which the concentration, and 
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FIGURE 3 Minimum population exposure path (3-mi band width) between Moses Lake, Washington, and Newport, Tennessee. 

consequently the dose to humans and wildlife, may be appre­
ciably greater than on the outer edges of the plume. When 
these doses exceed the human threshold, the possibility of 
more serious health effects exists . Therefore, the ability to 
separate chemical exposure from more acute exposure that 
threatens human health is important and can be accommo­
dated using the GIS. In Figure 4, separate computations are 
made for the population that has been exposed to a dose 
greater than the human threshold. 

Because of the severity of the release and toxicity of the 
material, an evacuation may be necessary. The number of 
people who must be evacuated can be determined by over­
laying the plume movement on the population as previously 
described. However, the ability of the network to accom­
modate evacuees depends on the capacity of the road system. 
Consequently, models allocating evacuees to specific evacu­
ation routes must be developed . Moreover, the movement of 
the plume may be such that some potential evacuation routes 
may only be temporarily open until the time when the plume 
passes over the route in question, a condition that must be 
taken into consideration as well. 

The passage of time makes this entire problem dynamic in 
nature, requiring agencies to take actions based on current, 
cumulative, and projected impacts across the entire duration 
of the release event. Significant occurrences during the event 

that could have a profound impact on the decision process 
include (a) the time at which emergency response personnel 
arrive at the scene, (b) the likelihood and time at which release 
containment can be achieved, and (c) abrupt changes in weather 
conditions. 

The GIS approach to emergency preparedness and evac­
uation planning is evolving in two contexts, planning and real 
time . In the planning context, historical weather conditions 
can be used to form joint probability distributions of wind 
direction , speed, and temperature for the purpose of deriving 
probable weather scenarios for a particular transport segment. 
GIS release scenarios can then be subsequently simulated so 
that specific action plans are developed for each weather sce­
nario in advance of when a spill might occur. These action 
plans could be maintained on file for reference should an 
incident occur, and given knowledge of the prevailing weather 
conditions at the time. 

Real-time GIS analysis activities may be appropriate to 
monitor a shipment's location or to intervene in the decision 
process if and when a significant occurrence takes place. The 
technology for generating real-time information takes on two 
principal forms as it relates to this problem. Sensors that re­
cord up-to-the-minute observations of weather conditions can 
be strategically placed (with geographical location coordinates 
known) so that prevailing characteristics are immediately 
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FIGURE 4 Consequences of and response to a release from a hazardous materials highway shipment. 

recognized and can be used as model inputs in managing 
emergencies. Some chemical manufacturing plants, for exam­
ple, are already using this technology. Real-time shipment 
monitoring based on GIS locational coordinates is also taking 
place through the use of satellite tracking and ground-based 
navigational systems. With increasing concern over managing 
transport safely and efficiently, one can expect the use of real­
time GIS data collection to become more prevalent in the 
next decade. 

Another area fertile for development is the overlap of 
topography on the transportation system. Plumes behave quite 
differently when terrain acts as a barrier to dispersion. GIS 
digital elevation files are available from the U.S. Geological 
Survey (USGS) to use in this context. However, in terms of 
using this information for application purposes, the problem 
becomes more complex because of the three-dimensional nature 
of plume formation. Methods for introducing topographic 
considerations into the emergency preparedness and evacu­
ation planning context are beginning to be explored. Figure 
5 shows current efforts to take digital elevation files and to 
portray the three-dimensional nature of the information. The 
files can be viewed from several different angles by rotating 
the axis of the images, as noted in the upper left-hand corner 
of the figure. 

GIS TECHNOLOGY QUESTIONS 

As the field of transportation is inherently geographic, GIS 
offers concepts and a technology with considerable potential 

for achieving dramatic gains in efficiency and productivity for 
a multitude of transportation applications. By its nature, man­
aging the safe transport of hazardous materials requires inte­
gration of the full realm of issues involving the design and 
implementation of a GIS framework. As noted earlier, this 
is the case because comprehensive transportation risk assess­
ment requires the collection and management of detailed 
attribute information on highway network geometrics and uti­
lization, as well as spatial information on the surrounding land 
use, including population, topography, geology , and the loca­
tion of special facilities. However, a multitude of methodo­
logical questions that focus on the underpinnings of GIS tech­
nology accompany such a comprehensive GIS applications 
environment . The principal concerns are presented in the 
following discussion. 

Data Organization and Structure 

The data bases used in the GIS application and methods by 
which multiple data bases are integrated can be constrained 
by the manner in which individual attributes are defined and 
measured. For example, the data collected to describe one 
highway network attribute may be measured at mileposts and 
assigned continuously along the highway, whereas another 
attribute may be measured according to fixed control sections. 
The resulting computer representation for each attribute is 
likely to be different, yet this information must be accurately 
merged where a GIS application requires access to both data 
elements ( 4). As mentioned previously, the use of dynamic 
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FIGURE 5 Digital elevation file for plume formation. 

segmentation to create interpolated segments and identifi­
cation of points along a string is a key to resolving these 
problems. 

Map Scale 

The scale of the map used for data capture affects the level 
of detail that one is able to extract from the map. A com­
parison of the USGS 1:24,000 scale map versus the 1:62,500 
scale map shows, for example, additional levels of information 
because of the larger scale. Multiple thematic overlays required 
for hazardous materials transportation analyses could involve 
the use of maps with different scales' being transformed into 
the same base scale. However, this process does not translate 
to creating a GIS that has the same level of information 
throughout all the GIS overlays. 

Location Reference System 

Different databases may not possess the same location ref­
erence system. Common transportation reference methods 
include milepoints, reference points, feature based , and log­
mile systems (13). Latitude-longitude, state plane, and uni­
versal transverse Mercator are traditional reference systems 
for environmental studies. When GIS data bases to be over­
layed use different location reference systems, the transfor­
mation between coordinate systems must be accomplished at 
an acceptable level of accuracy. 
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Data Conversion and Maintenance 

Many agencies possess specialized digital data bases that are 
in spatial formats or that could be organized in such a manner. 
For example, Bureau of the Census files; digital elevation 
models from the USGS; and digital data from local, county, 
and state agencies offer the wise user a variety of sources of 
information that can be integrated into a GIS environment. 
Standard exchange formats must be used to expedite the transfer 
and useability of the data captured and archived at various 
locations (14). 

From the standpoint of maintaining information so that it 
stays current, rather than attempting to include all data ele­
ments in one mammoth data collection effort, a better approach 
would be to establish a good cross-referencing system, with 
the responsibility for updates remaining with the agency that 
has jurisdiction for collecting this information. For example, 
updated accident rates could be derived interactively by tap­
ping directly into accident counts, road inventory data, and 
volumes maintained by different agencies, but available through 
a common referencing system. 

Data Accuracy/Quality 

Inherent and operational errors contribute to a reduction in 
the accuracy of data contained within a GIS (15). Inherent 
error is present in the source documents and it is fair to say 
that every map contains inherent error based on the nature 
of the map projection, construction techniques, specifications, 
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and symbolization of the data. Operational error is introduced 
during the process of data entry and occurs throughout data 
manipulation and spatial modeling. Multiplicative error effects 
can arise when operational errors are introduced where 
inherent errors previously exist. 

The major concern of these GIS issues as they relate to 
hazardous materials transportation analyses is the extent to 
which they impact the accuracy of problem presentation and, 
consequently, the policy actions that emanate from use of a 
GIS decision support tool. As more scientific effort is placed 
on the development of national standards to enhance the 
quality of information as well as standardization in the defi­
nitions and references used, spatial data transfer specifica­
tions, and cartographic features (14), these problems will be 
better understood and hopefully resolved. In the meantime, 
however, one should maintain perspective by recognizing that 
inherent and operational errors exist today in traditional 
approaches to transportation analyses. Hence, the advent of 
a GIS actually provides an opportunity to achieve a greater 
level of resolution and accuracy than available heretofore. 

CONCLUSION 

This discussion has attempted to focus on the merits of apply­
ing GIS concepts and technology to applications involving the 
transport of hazardous materials. Three principal areas of 
policy concern, those of routing, emergency preparedness, 
and evacuation planning, were singled out for consideration. 
Characteristic of hazardous materials transportation analyses 
is the measurement of interactive effects between the trans­
port system and its surrounding land use. Consequently, GIS 
concepts present a promising approach for problem repre­
sentation, algorithmic solution development, and impact 
prediction . 

On the basis of the successful implementation of first­
generation routing models and progress in designing G IS­
based methods in support of emergency preparedness and 
evacuation planning, it appears that GIS will significantly extend 
the frontier of hazardous materials transport research and 
practice. Developments to date have already introduced 
important advances to the applications environment, and this 
field of development will continually evolve as improvements 
are made to GIS data collection techniques and accessibility. 
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Hydrologic Geographic Information 
System 

EDWARD J. VANBLARGAN, ROBERT M. RAGAN, AND JoHN C. ScHAAKE 

A geographic information system (GIS) was developed as a prac­
tical tool to streamline some of the operational problems faced 
by many agencies dealing with hydrologic analysis. Conventional 
manual analysis requires significant time and expertise. The expert 
system developed will automatically generate the drainage area 
and streamflow hydrograph for a watershed. The system is made 
feasible by using digital data that are available commercially for 
the entire United States . The data bases deve loped contain grid­
ded elevation values and stream loca tion coordinates. The soft­
ware developed integrates the digital data with some unique ter­
rain analysis techniques and fundamental hydrologic methods. 
The only user input required is the outlet location of the watershed. 
Internally, the program creates a gridded network of flow paths 
across the basin. By analysis of this gridded network, the drainage 
area and hydrologic information are defined. The system was 
tested on a variety of basins and compared with some standard 
manual methods. The geographic information system was able to 
reproduce the manual methods with tremendous savings of time 
and cost. Overall, the system is a practical tool for any agency 
that must con ider hydrologic analysis of many areas. 

Hydrologic analysis is a subject of interest to various scientific 
disciplines. Two basic steps done prior to any final hydrologic 
analysis are defining the basin area and estimating hydrologic 
model parameters. The conventional approach for deriving 
drainage area and model parameters involves significa nt time 
and expertise . In a recent survey , two frequently mentioned 
constraints to use of hydrologic models were inadequate time 
and lack of appropriate data (1). Because of the time and 
fiscal constraints faced by many agencies, an approach is needed 
to reduce the level of "manual effort" and rely on expert 
system concepts to optimize the contribution from " mature 
hydrologic expertise ." Geographic information system (GIS) 
technology has been explored as a potentially fast expert sys­
tem approach to obtaining various hydrologic information 
(2,3). The emergence of readily available, digitized data has 
made GIS especially feasible. Also, terrain analysis tech­
niques have evolved to automatically "grow" drainage net­
works using gridded elevation data (4,5). Although previous 
studies produced encouraging results for GIS application, many 
areas still need investigation. Hydrology-oriented GISs are 
often constrained by a lack of terrain analysis capability and 
by requiring the user to digitize the input data. Conversely, 
most terrain analysis techniques do not fully couple with a 
hydrologic model. Also , research has suggested that con­
straining the elevation data analysis with digitized stream data 
could improve results (6). 

E. J. Van Blargan, PAS USA Inc., 4913 O ld Ge tty ·burg Rd ., 
Mechanic burg. Pa. 17055; R. M. R:igan, Universi ty of Maryland, 
Civil Engineering Department , College Park , Md. 20742; and .I . . 
Schaake, Office of Hydrology, National Weather Service, NOAA, 
Si lver Spring, Md. 20910. 

OBJECTIVE 

The goal of this research was to develop a practical G IS for 
automatic delineation of a watershed area and estimation of 
hydrologic parameters. The specific objectives were to 

1. Use commercial digital data , available nationwide, to 
minimize user input ; 

2. Develop an enhanced terrain analysis method using ele­
vation and stream data; 

3. Use a physically based modeling strategy that could be 
used on any type of basin; and 

4. Evaluate results from the GIS against those obtained by 
conventional manual methods . 

GIS DEVELOPMENT 

Two essential cartographic data bases were acquired, covering 
the entire United States, that contained elevation and stream 
location data. The digital elevation (DEM) data were amassed 
by the D efense Mapping Agency (DMA) using 1:250,000 top­
ographic maps . The DMA file contains a regular matrix of 
elevation values with a grid spacing of 3 arc-sec. However, 
for this study the data were reduced to a spacing of 30 sec of 
latitude and longitude . Thus the grid resolution is 0.5 nautical 
mi in the latitude direction . The spacing distance in the 
longitude direction is adjusted by the cosine of the latitude. 

The stream data were obtained from the EPA River Reach 
file, which was developed from maps with a scale of 1 :500,000. 
The EPA file contains vectors defining stream channel loca­
tions in la titude and longitude coordinates. Using the original 
file , another stream file containing the topologic connectivity 
of the stream network was created. 

The GIS was constrained to use data that were available 
and affordable for the entire nation . Since thi s study was 
initiated, finer resolution DEM and stream data have become 
available from the U.S. Geological Survey (USGS) . Although 
finer data were not used in this study, the GIS was developed 
with the capability to accommodate data of any resolution. 
Although concepts and obstacles fro m previous works were 
addressed to build the GIS, the software for the system was 
written specifically for it. Figure 1 shows a schematic of th e 
GIS . The Tioga River near Mansfield, Pennsylvania , was used 
as an example to illustrate important steps in the methodol­
ogy. The only user input required is the outlet location in 
latitude and longitude. Nearby stream data, from the EPA 
file , are used to properly regis ter the outlet and define a 
computationally efficient analysis window (see Figure 2). The 
stream vectors are then rasterized and assigned to grid cells . 
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FIGURE 1 Flowchart of the GIS program. 
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The flow direction of every grid point is assigned on the 
basis of steepest descent of the elevation data for the eight 
adjacent neighbors (see Figure 3). However , the elevation 
analysis is enhanced by letting cells drain to any adjacent 
stream cells instead of its lowest neighbor. The logic also 
contains numerous decision rules for resolving sinks, which 
are points lower than all surrounding neighbors. The topologic 
tree of grid cells flowing to the outlet is traced from, and the 
watershed boundary can be defined from , this flow network 
(see Figure 4) . 

The area draining to each grid cell is accumulated along 
with the length and slope of the cell's flow path. The subarea 
drainage network is defined by accumulating the area flowing 
to any point and locating subarea outlets at points exceeding 
a minimum source area (see Figure 5) . In addition to the 
watershed boundary coordinates, the output consists of a file 
with hydrologic information for each subarea (see Table 1). 

The final process is to derive the widely used unit hydro­
graph model from the subarea file (see Figure 6). The phys­
ically based strategy outlined by Siebach (7) was adopted for 
this purpose . The strategy uses channel cross sections esti­
mated by the geomorphic relationships of Dunne and Leopold 
(8), along with several standard hydrologic and hydraulic 
equations. Subareas are sorted according to travel time, which 
is based on flow velocity computed with Manning's equation. 
Then travel times and drainage areas are summed to generate 
a time-area curve. The time-area curve is coupled with linear 
storage routing to generate a unit hydrograph. The unit hydro­
graph model can then generate a complete streamflow 
hydrograph for any given storm. 

RESULTS 

A prototype area was selected to test the capabilities of the 
GIS. Thirty-three test basins , from 50 to 1,500 mi2 , were 
selected throughout the mid-Atlantic area (i .e., from New 
York to Virginia). The GIS was used to automatically delin-
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eate the drainage area and generate peak flows for two storm 
events in each basin. For comparison, flows were also gen­
erated using conventionally derived unit hydrographs used by 
the National Weather Service (NWS). 

When compared to published USGS drainage areas, the 
average absolute error in GIS-derived area was 5 percent with 
a standard deviation of 6 percent (see Figure 7). Practically 
speaking, the drainage area errors were quite low and accept­
able. The low errors are somewhat surprising considering the 
coarse resolution of the DEM data. One reason for the GIS 
success was the use of stream data in the terrain analysis. 
By degrading the stream data, it was found that errors 
increased up to 30 percent when no streams were used (see 
Figure 8). 

The area errors tend to decrease in nonlinear fashion and 
become less variable as the basin size increases, especially on 
basins greater than 150 mi2 • Similar to the findings of previous 
studies, it was found that errors generally increased with grid 
size (9). Thus, it appears that application of the GIS to basins 
smaller than the test basins should use finer-resolution DEM 
data. 

For the hydrograph simulation, errors in the peak flow were 
obtained by comparing estimated flows with gauged obser­
vations. Peak flow errors were computed for the conventional 
NWS methods as well as for the GIS. The average peak errors 
for the GIS were 28 percent and 3 hr for the peak flow and 
time to peak (see Table 2). The errors using the NWS tech­
niques were 28 percent and 4 hr. More important, there were 
no significant differences between the GIS and conventional 
methods. Deviations from actual observations for either method 
were probably because of limitations in estimating rainfall 
over large basins. 

The total effort to analyze all of the test basins using the 
GIS was approximately 30 min. On the other hand, the con­
ventional manual approach to define the area and parameters 
required several years' effort. Also, the conventional unit 
hydrographs were calibrated with historic storm events making 
them, in theory, an optimal function. 

Stream 
Subarea 

FIGURE 5 Definition of subareas and estimated stream channels for example 
basin using subarea threshold of 5 mi2. 



TABLE 2 AVERAGE HYDROGRAPH ERRORS FOR ALL BASINS 
FOR THE GIS AND CONVENTIONAL NWS METHODS 
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CONCLUSION 

Overall, the study showed that a GIS could be used as a cost­
effective alternative to conventional manual methods. The 
system developed is a convenient tool to define watershed 
boundaries and perform hydrologic analysis using sound phys­
ical principles and easily obtained digital data. In fact, peak 
flows generated by the GIS differ little from those produced 
with conventional, event-calibrated methods. 

The GIS performed quite well at reproducing the drainage 
area. Also, the unique use of digitized stream data signifi­
cantly improved the watershed growing capability. The coarse 
digital data used in the study appear adequate for rather large 
areas. However, finer-resolution elevation data would probably 
give improvements on smaller basins. 

In addition to comparing favorably to the conventional 
methods, the GIS has several added advantages. The physical 
model used by the GIS is specially useful for ungauged areas 
where historic data are not available for conventional cali­
bration. The biggest advantage is that information obtained 
manually could require years to process, whereas the GIS 
generates information in a matter of minutes. 
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Evaluation of GIS Workstation 
Performance Within a Distributed 
Network Environment 

IAN VoN EssEN, CAROL HANCHETTE, AND GERALD DILDINE 

As part of the initial development phase of GIS implementation 
at the North Carolina Department of Transportation, a GIS work­
station evaluation was carried out from December 1, 1988, to 
April 30, 1989. The primary purpose of the evaluation was to 
test the performance of graphics workstations within a distributed 
network environment. The workstation evaluation tested hard­
ware, network capabilities, and operating systems for a trans­
portation GIS (GIS-T). During the project , workstation vendors 
were selected; criteria were developed for the testing of work­
station performance; performance tests were executed; and rec­
ommendations for GIS workstation procurement were made. The 
methods used to evaluate graphics workstation performance for 
a statewide transportation GIS are outlined. Workstation prod­
ucts from three vendors, International Business Machines (IBM), 
Digital Equipment Corporation (DEC), and SUN Microsystems 
were evaluated. Results of the evaluation are presented in the 
context of workstation performance tests, network capabilities, 
operating systems, vendor support, and workstation prices. Rec­
ommendations for workstation procurement specific to the needs 
of the North Carolina Department of Transportation are made. 

A geographic information system (GIS) workstation evalua­
tion for the North Carolina Department of Transportation 
(NCDOT) was performed as part of an initial development 
phase of GIS implementation. The evaluation took place 
from December 1, 1988, to April 30, 1989. The objectives 
of the workstation evaluation were to model proposed phys­
ical and operational computer environments, evaluate graphic 
workstation performance, and formulate recommendations 
for hardware procurement for a GIS for transportation 
(GIS-T). 

Technical information presented in this paper was gathered 
from a variety of sources, and because of the dynamic nature 
of the hardware and software markets, is subject to change 
without notice. This evaluation was performed under a strict 
set of guidelines specific to one agency's needs and require­
ments at a particular point in time , and the recommendations 
detailed in the evaluation are based on those constraints. 
These recommendations are not meant as a general endorse­
ment of any products and should not be construed as such; 
rather, the overall goal of this paper is to present in an actual 
context the methodological framework used in performing a 
GIS workstation evaluation. 

I. Von Essen, System Services Department, Spokane County Court 
House, N. 815 Jefferson, Spokane, Wash. 99260-0400. C. Hanchette, 
Department of Geography, 203 Saunders Hall, University of North 
Carolina, Chapel Hill, N. Car. 27514. G. Dildine, North Carolina 
Department of Transportation, P.O. Box 25201, Raleigh, N. Car. 
27611. 

The workstation evaluation tested hardware, network capa­
bilities, and operating systems for a GIS-T. The GIS software 
used in this evaluation was Environmental Systems Research 
Institute's (ESRI's) ARC/INFO software. The primary tasks 
accomplished during the initial phase of GIS implementation 
at NCDOT consisted of the following: (a) selection of work­
station vendors , (b) development of workstation performance 
test criteria, (c) execution of workstation performance 
tests, ( d) evaluation of performance test results, and ( e) 
recommendations for GIS workstation procurement. 

The evaluation of workstation performance was based on 
a number of criteria, including the speed with which work­
stations responded to various functions , networkability, anal­
ysis of operating systems, vendor support, system problems, 
and the formal and informal documentation of system perfor­
mance by members of the NCDOT GIS development team 
and GIS delegates. 

GIS WORKSTATION VENDORS 

GIS workstation vendors were selected on the basis of criteria 
established by NCDOT's GIS Implementation Committee 
between July and September 1988: 

1. The vendor must have been ported to ESRI's ARC/ 
INFO software at the beginning of the evaluation period; 

2. The vendor must be recognized as a national leader in 
GIS technology and must have a strong financial portfolio; 

3. The vendor must be able to support the pilot project and 
ensuing statewide implementation of a transportation GIS in 
North Carolina; and 

4. The vendor must have suitable existing GIS workstation 
products available for testing. 

After considerable review, three vendors were chosen to 
participate: International Business Machines Corporation 
(IBM), Digital Equipment Corporation (DEC), and Sun 
Microsystems. These vendors were chosen because they met 
the selection criteria outlined above. 

The vendors were requested to develop proposals for low­
and high-end GIS workstation solutions to meet NCDOT's 
GIS needs at various organizational levels (e.g., state, divi­
sion, and field). Throughout most of the evaluation period, 
the GIS laboratory contained five workstations from the three 
selected vendors. All were networked together on an ethernet 
local area network (LAN) for most of the evaluation period. 
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Vendors were allowed to bring in additional equipment during 
the evaluation period as new workstations were announced. 
Later during the testing period, DEC brought the VS3100 
into the GIS laboratory for evaluation. At the end of the 
evaluation period, SUN Microsystems made two new work­
stations available for testing. Following is a list of the work­
stations that were evaluated by the GIS Implementation 
Committee: 

Vendor 

IBM 

DEC 

SUN Microsystems 

Workstation 

RT-PC MODEL 125 
RT-PC MODEL 135 
VS3200 
VS3100 
4/110 
386i/250 
4160 
4/330 

GIS WORKSTATION TESTING CRITERIA 

In August 1988, the GIS Implementation Committee devel­
oped a series of testing criteria to test the performance of 
graphics workstations in executing various tasks and to eval­
uate the operating systems and networkability of each 
workstation. The price of each workstation was also 
considered. 

In order to evaluate the performance of the graphics work­
stations, a set of benchmark tests was carried out. A series 
of Arc Macro Language (AML) programs was written to 
determine the performance of commonly used ARC/INFO 
commands on various workstations. 

Following is a brief description of the ARC/INFO com­
mands that were used in the AML performance benchmark­
ing. These commands were chosen as representative of many 
tasks: editing, topological construction , graphic generation, 
data conversion, overlay analysis, and attribute file manage­
ment. These tasks generally would be carried out on a daily 
or weekly basis within a GIS-T at NCDOT. They place a 
variety of demands on a workstation and have been broken 
down into three functional classes: 

Input/Output Intensive Processes 

•ADD ITEM adds a new item to an existing INFO attribute 
file 

•APPEND combines features from two or more coverages 
into a single coverage. 

•COPY duplicates a coverage. All information associated 
with the coverage is duplicated. 

•DESCRIBE summarizes information about an ARC/INFO 
coverage. 

•DISSOLVE merges adjacent polygons that have the same 
value for a specified item. 

• DLGARC converts a digital line graph (DLG) file either 
in standard or optional format into a set of ARC/INFO cov­
erages. 

• EXPORT converts an ARC/INFO coverage into an ARC/ 
INFO interchange file. 

•GENERATE uses flat ASCII files containing X and Y 
coordinates to produce an ARC/INFO coverage. 

53 

•IMPORT creates a coverage, INFO file, or flat file from 
an ARC/INFO export file. 

•KILL deletes a coverage or specified INFO file. 
• LABELERRORS checks a coverage for errors in polygon 

labeling. 
• NODEERRORS checks a coverage for errors at the inter­

sections of arcs. 
•PLOT creates an ESRI plot file to be sent to a plotter 

for plotting. 
• UNGENERATE converts an ARC/INFO coverage into 

a flat ASCII file containing X and Y coordinates. 

CPU and Input/Output Intensive Processes 

•BUILD builds topology between arcs and generates 
attribute files for polygons, lines, or points. 

• CLEAN checks an ARC/INFO coverage for duplicate 
lines, breaks up arcs (lines) whenever they cross, snaps together 
arcs within specified tolerance, deletes arcs under a certain 
length, and builds topology between arcs. 

•IDENTITY computes the geometric intersection of two 
coverages. All features that overlap are preserved. 

• INTERSECT computes the geometric intersection of two 
coverages. Only those features in the area common to both 
coverages will be preserved. 

Graphics Output Intensive Processes 

• ARCPLOT displays a coverage to a graphics terminal 
screen using ARCPLOT commands. 

•DRAW displays a coverage to a graphics terminal screen. 

In addition to the application benchmarks just described, 
a number of industry standard performance benchmarks, which 
pertain specifically to hardware, were examined. Among these 
are MIPS (millions of instructions per second), Linpack, 
Dhrystone, and vector draw speeds. The Linpack benchmark 
involves the use of linear equations that test the performance 
of floating point computations. The Dhrystone benchmark 
measures integer performance. At the present time, there are 
no industry-set standards for vector draw speeds. 

GIS WORKSTATION PERFORMANCE TESTS 

The results of all AML performance tests were recorded for 
each workstation. Elapsed times for the performance tests 
varied significantly among the workstations. Table 1 presents 
the elapsed time for all processes. 

Of the initial five workstations tested, the SUN 4/110 was 
consistently the fastest in all test categories. It was followed 
by three workstations that yielded results that were quite 
similar to each other. In terms of overall averages, the IBM 
RT 135, VS3200, and SUN 386i were fairly comparable, 
although the IBM RT 135 was slightly faster than the other 
two. The IBM RT 125 was much slower than all other models. 
Figure 1 shows the total time taken for each workstation to 
perform the AML performance tests and also shows the 
breakdown by functional classes. 
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TABLE 1 ARC/INFO WORKSTATION PERFORMANCE TESTING, ALL PROCESSES 
(ELAPSED TIME IN MIN:SEC) 

VAX VAX IBM IBM SUN SUN SUN SUN 
Test 3100 3200 125 135 386i 41110 4/60 4/330 

DLGARC 02:44 03:21 03:54 01:43 04:44 01:32 00:55* 00:33 

UNGENERATE 49:33 67:48 04:15 02:02 02:22 01:50 01: 17* 00:50 

GENERATE 13:29 13:53 142:06 72:22 63:46 36:35 22:54* 17:16 

EXPORT 20:28 43:49 23:08 14:57 25:33 10:53 07:51 * 06:21 

IMPORT 09:36 10:30 27:34 12:29 18:13 08:27 07:33* 04:43 

ADDITEM 02:09 03:14 02:36 01:04 03:23 01:26 01:28* 00:43 

BUILD 04:19 06:17 04:28 02:03 06:31 03:09 02:44* 01:49 

CLEAN 17:01 20:43 54:19 22:25 22:36 12:33 08:40* 04:27 

DESCRIBE 00:09 00:12 00:24 00:1 l 00:30 00:12 00: 17* 00:03 

DRAW 04:48 04:57 11:55 05:55 08:13 02:51 02:14* 01:26 

IDENTITY 35:42 43:25 109:32 57:12 46:26 24:12* 17:25* 08:39 

INTERSECT 27:36 31:04 99:00 52:50 39:24 20:49* 13:33* 05:41 

DISSOLVE 04:48 07:09 03:26 01:36 06:32 02:09* 01 :34* 03:21 

LABELERRORS 00:14 00:17 02:29 01:57 00:52 00:42* 00:22* 00:12 

NODEERRORS 01:02 01:52 09:22 09:40 02:23 01:32* 01:00* 00:30 

APPEND 01:01 01:28 01:14 00:28 05:36 01:02* 00:30* 00:21 

COPY 00:42 00:50 00:47 00:28 02:34 01:59* 01:14* 00:09 

KILL 00:05 00:07 00:12 00:05 00:50 00: 10* 00:04* 00:02 

ARCPLOT 00:56 00:52 01:48 00:54 01:41 00:44* 00:39* 00:23 

PLOT 01:21 01:27 02:49 01 :29 01 :35 00:40* 00:46* 00:22 

TOTAL TIME 
(Min: Sec) 197:43 263:15 505:18 261:50 263:44 133:27 93:00 57:51 

A VERA GE TIME 
(Min: Sec) 09:53 13:10 25:16 13:06 13: 1 I 06:40 04:39 02:56 

MEDIAN TIME 
(Min: Sec) 03:32 04:09 04:05 02:00 05:10 01:55 01:22 00:47 

Tests were run with no other processes running in the background or over the network. 

* Data used for these tests were accessed through remote mounts; the da1a used for SUN 
4/1 lO's was resident on the SUN 386i, and the data used for SUN 4/60's was 
resident on the SUN 4/330. 

In terms of average time taken to perform the 20 tests, the 
SUN 4/110 was twice as fast as the IBM RT 135, VS3200, and 
SUN 386i. It was almost four times faster than the IBM RT 
125. After the benchmark tests had been completed on the 
initial five workstations, the same performance tests were 
carried out on the VS3100 (a late arrival to the performance 
test process) . This workstation was slower than the SUN 4/ 
110, but faster than the IBM RT 135, VS3200 , and SUN 386i 
in all functional categories of testing. 

Toward the end of the evaluation period, the new SUN 4/ 
60 and SUN 4/330 workstations were made available for test­
ing. These two workstations were much faster than all of the 
other six machines tested. Using the 4/110 (the fastest of the 
other six) as a base indicator, the SUN 4/60 yielded results 

that were, on the average, nearly 1.5 times taster. The SUN 
4/330 was over two times faster than the SUN 4/110. This 
difference was even more dramatic in the CPU and input/ 
output intensive processes for which the SUN 4/330 was three 
times faster than the SUN 4/110. 

Performance specifications for each workstation , such as 
MIPS, Linpack, and Dhrystone, are presented in Table 2. 

WORKSTATION NETWORK CAPABILITIES 

In evaluating the computer environment for the GIS-T, net­
working capabilities of the workstations were weighted 
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FIGURE 1 ARC/INFO workstation performance tests (overall summary statistics). 

heavily. The following networking capabilities were 
considered. 

Host Connectivity and Terminal Emulation 

A critical aspect of the GIS at NCDOT involves the ability 
to access attribute information that describes characteristics 
of the road network. Because the majority of this information 
is stored on the IBM 3090/600 mainframe at the Transpor­
tation Data Services Center (TDSC), it is essential that work­
stations have access to the mainframe. The simplest method 
for connection to IBM mainframes is by emulating, or func­
tioning as, a 3270 device. Because of the large demand for 
3270 communications, many vendors offer 3270 emulation 

packages and support Systems Network Architecture (SNA). 
With a combination of communications hardware and soft­
ware, workstations can function as 3274 controllers or 3278/ 
79 terminals. The abilities of each workstation to emulate 
various terminal types through software, to support SNA, and 
to interact with IBM mainframes were of critical importance 
in the evaluation of hardware for a GIS-T. 

File Transfer 

File transfer between different types of hardware platforms 
(i.e ., personal computers, workstations, minicomputers, and 
mainframes) is facilitated by the use of Transmission Control 
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TABLE 2 WORKSTATION PERFORMANCE SPECIFICATIONS 

Workstation MIPS Linpack (sp) Linpack (dp) Dhrystone (dhry/sec) 2D Vectors/sec 

SUN 4/60 12 2.5mf 1.4mf 

SUN 330 GX 16 3.6mf 2.7mf 

SUN 4/110 7 l.6mf l.2mf 

SUN 386I 5 * * 

VAX 3100 3 0.4mf 
(DEC 3100) 14 3.7 l.6mf 

VAX3200 3 * 0.4mf 

IBM RT 125 4.5 * 0.4mf 

IBM RT 135 6 * 0.4mf 

* Not published 

Protocol/Internet Protocol (TCP/IP), which was supported by 
all workstation vendors in the GIS lab. 

Distributed Services 

More advanced proprietary and nonproprietary network soft­
ware, like DECnet, Aegis, Network File System (NFS), HPnet, 
and others, provide sophisticated networking services. These 
services include block file transfers, remote workstation oper­
ation, system kernel services, file interchange capabilities, 
multiple node access, multiple file sourcing, single sourcing 
of network-wide software, and remote device access and 
services. 

Among the more important services needed within a GIS 
environment are remote file and device access. These enable 
users to use disk space and files on remote workstations. 
Access to remote files is obtained by mounting remote devices. 
Remote file access, or mounting, provides an invisible, or 
transparent, connection between the workspace on the user's 
machine and the file system being mounted. It has the appear­
ance of being local. The only networking software available 
to accomplish this task that was supported by all the vendors 
within the GIS laboratory was NFS, which was developed by 
SUN Microsystems. 

Application Program-to-Program Interface 

Before a GIS-T can be fully implemented at NCDOT, a 
seamless linkage must be created between the cartographic 

22,045 406,000 

27,777 454,000 

13,759 21,000 
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4,545 * 
25,026 * 

4,545 * 

8,200 * 

10,416 * 

data base, i.e., the road network, and the relational attribute 
data base, which describes characteristics of this network . The 
cartographic data base is resident on the workstations in ARC/ 
INFO format and the attribute data base exists on IBM DB2 
systems. ESRI has stated that this linkage can be accom­
plished through IBM's Logical Unit (LU) 6.2. LU 6.2 was 
developed to allow communication between application pro­
grams that operate in a distributed processing environment. 
Support of LU 6.2 is an essential requirement of a GIS-T 
workstation. 

DOS Server/DOS Applications 

MS-DOS , developed by Microsoft, is the standard operating 
system in use on most IBM and IBM-compatible personal 
computers. The widespread use of MS-DOS at NCDOT and 
the organization's substantial investment in software appli­
cations that run on MS-DOS mandate that the workstations 
under evaluation support DOS activities. 

Network Flexibility: Ethernet and Token-Rings 

As networks of increasing complexity are placed in use at 
NCDOT, network flexibility will be a key concern in the 
growth of the GIS-T. GIS workstations will be incorporated 
into both local and wide area networks and will have linkages 
to personal computers, minicomputers, mainframes, and other 
workstations resident within various locations across the state. 
Important networks to be considered are Ethernet and Token-
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Ring. NCDOT has an SNA-statewide Ethernet in Raleigh 
and is considering the use of Token-Rings in field offices. The 
ability of workstations to operate within these environments 
and the level at which they can operate, i.e., capabilities and 
functions, was of obvious concern in the evaluation. 

In the context of these six important considerations, the 
networking capabilities of the evaluated workstations are 
discussed. 

DEC 

Demonstration of GIS network requirements was restricted 
to the VS3200, because the VS3100 was a late entry into the 
evaluation process. 

1. The VS3200 was able to demonstrate a 3270 session to 
the mainframe by acting as a 3274 device and was capable of 
emulating a 3270 device and acting as a server, with 128 con­
current sessions. 

2. File transfer between the DEC workstations and all other 
workstations in the GIS laboratory was executed through the 
use of TCP/IP's file transfer protocol. 

3. Although not demonstrated, DEC stated that remote file 
access was possible within the VAX/VMS environment through 
DECnet's Distributed File Service (DFS). 

4. DEC stated that their workstations have the capability 
to provide application program-to-program interface by sup­
porting LU 6.2. 

5. Through the use of VAX/VMS services for MS-DOS 
and DECnet, DOS applications can be run on VAX systems. 
In addition, VAX servers can be used to store DOS data files 
and applications. Resources, such as laser printers, can be 
shared. 

6. DEC workstations can function on Ethernet networks 
but not Token-Rings. 

IBM 

1. Remote login to the mainframe from the IBM RTs was 
achieved through the emulation of 3278 terminals. 

2. File transfer between the IBM workstations and all other 
workstations in the GIS laboratory was executed through the 
use of TCP/IP's file transfer protocol. 

3. Initially IBM used their Distributed Services (DS) soft­
ware to perform remote mounts between the IBM systems; 
however, considerable problems were encountered. In addi­
tion, because DS is not supported by other workstation ven­
dors, it could not be used to mount file systems on non-IBM 
UNIX systems within the GIS laboratory. Because of these 
problems and constraints, IBM switched to NFS. Remote 
mounts through the use of NFS were successfully accom­
plished among IBM systems and between IBM systems and 
other UNIX systems within the GIS laboratory; however, at 
the present time IBM's implementation of NFS has limited 
file-locking capabilities. Remote logins to other workstations 
with UNIX operating systems were possible. Remote logins 
to the VAS/VMS systems were not supported by IBM. 
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4. IBM stated that their workstations have the capability 
to provide application program-to-program interface by sup­
porting LU 6.2. 

5. A wide range of DOS activities was supported on both 
IBM workstations. 

6. During the evaluation period, IBM workstations were 
the only workstations in the GIS laboratory to operate within 
both Ethernet and Token-Ring networks. 

SUN 

1. Connection to the IBM mainframe was demonstrated by 
SUN. SUN machine ace mplished the generation of 3270 
sessions by emulating a 3274 device. 

2. File transfers between the SUN workstations and all other 
workstations in the GIS laboratory were executed through 
the use of TCP/IP's file transfer protocol. 

3. Remote file access was possible through the use of NFS. 
The SUN workstations in the GIS laboratory were able to 
mount all other UNIX workstations. 

4. Communication between application programs in a SUN 
environment is supported by SUN's Peer-to-Peer software. 

5. DOS files and programs were successfully stored on both 
SUN workstations. The SUN 386i had an Intel chip that allowed 
for a separate DOS partition. 

6. SUN workstations can operate within an Ethernet net­
work. SUN is currently developing communications software 
that will allow their equipment to be used- within a Token­
Ring environment. 

OPERA TING SYSTEMS 

In the evaluation of operating systems, the following criteria 
were considered: ease of use, network capability (discussed 
in the previous section) , window systems, system security, 
upwards and downwards compatibility, and history and 
standardization. 

DEC 

DEC's workstations (VS3100 and VS3200) used the VAX/ 
VMS operating system. For several years , DEC has worked 
with MIT to develop the X Windows System. DEC's imple­
mentation of X Windows System is DECwindows. DECwin­
dows is a sophisticated, multitasking system that integrates 
many desk-top publishing features and provides easy access 
to applications on several operating systems. 

SUN 

The operating systems on SUN workstations are based on the 
Berkeley version of UNIX, with the incorporation cf most of 
AT&T's System V features. This operating system is an 
extremely popular multiprocessing system with many advan­
tages. The UNIX operating system is a portable one that can 
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be implemented on dozens of different machines. Because of 
this, software vendors and users become computer indepen­
Jeul, and programs and data arc easily transported from one 
machine to another. The UNIX system supports a large num­
ber of software applications and programming languages and 
has a high degree of upwards and downwards compatibility. 

SUN workstations have SunView window systems. SUN 
began developing window systems before X-windows were 
developed and, as a result, SunView is a mature window 
system that is much faster than X-windows. More than 2,500 
applications are available for the Sun View window system. 

IBM 

The IBM RT workstations used the System V version of the 
UNIX operating system. This operating system was developed 
by AT&T and has many of the same positive features as the 
SUN UNIX system. The IBM RTs used IBM AIX/RT-X 
Windows, Version 2.1. This window system is based on X­
windows and was designed to support graphics applications. 
With this system, multiple application processes can operate 
within a given window, and multiple simultaneous windows 
can be used. 

PILOT PROJECT VENDOR SUPPORT 

On the whole, support from all three vendors was good during 
Lhe pilot project. but it varied in certain a. pects. [nilially 
DE h tel problems committing 1heir re. ources, and two month 
passed before they were able to link their hardware to the 
GJS LAN. After th is occurr d, their supp rt improved. UN 
support wa goo I 1hr ughour the en tire project. UN was the 
quick st of all three vendors to ge t work tat ions running and 
t re pond t and solve any problem Lhat ar · . A a result. 
the UN workstution experienc d the least amount of cl wn 
time. IBM was the first vendor to commit its resources to the 
pilot project and it provided the most sup] ort. In addition to 
thew rkstations, IBM supplied the project with many other 
resources, including an IBM 6186 eight-pen plotter and an 
IBM PS/2 Model 80 computer. 

In terms of the statewide implementation of a GIS-T, it 
i es ential 1hat ood suppon fr m v ndors continue. One of 
the 1110 · 1 important aspect of 1his upport i · the amount of 
rime it take for a vendor to resp nd to problems, nut only 
in the Raleigh office, but in field offices throughout the entire 
state. 

WORKSTATION SYSTEM PROBLEMS 

Each of the workstations varied in terms of the number of 
system problems that were encountered during use. On the 
whole, few ystem problems were encountered on the SUN 
workstations. The SUN equipment was functional for almost 
the entire duration of the GIS workstation evaluation (see 
Figure 2). This was due, in part, to the excellent support from 
SUN personnel. On the other hand, many problems were 
encountered with the IBM workstations. Both the IBM 135 
and IBM 125 were inoperable for much of the evaluation 
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period. Many of the problems with these two workstations 
were eventually resolved by software improvements by ESRI 
and an increase in the expertise of IBM personnel. 

As noted in the previous section, there was a significant 
lapse between the time the VS3200 was first installed and the 
time it was connected to the LAN. Afterwards, few problems 
were encountered with this workstation. Three workstations 
were available for only a short period of time and could not 
be evaluated thoroughly. These were the VS3100, SUN 4/60, 
and SUN 4/330. However, the long-term quality of perfor­
mance of these systems can be inferred from the performance 
of other VAX and SUN workstations that were evaluated 
more thoroughly. 

GIS Development Team Observations 

The GIS development team included GIS analysts and con­
sultants, and representatives from the Transportation Data 
Services Center. Response of the GIS development team to 
the SUN 4/110 was positive. The SUN 4/110 was fast and 
reliable and few problems were encountered with UNIX, the 
SUN windows, or the text editor. Downloading of files from 
the mainframe to the SUN 4/110 was efficient and effortless. 
With respect to the ARC/INFO software, the 4/110 had a 
number of positive features. One of these involved the boxing 
in of the map extent in ARCED IT, a feature that neither the 
IBMs or DECs exhibited. Without this feature, it was difficult 
to delineate a map extent accurately. Only one bug was 
encountered with the SUN 4/llO and this concerned the exe­
cution of INFO programs. When INFO programs were run 
on the system, there was no indication of a program's end 
(i.e., by returning to INFO). Resp n e to the SUN 386i was 
also favorable . This workstation posse ·sed most of the p ·i­
tive features noted for the SUN 4/110 with the exception of 
its slower processing time. The INFO program bug did not 
occur on the SUN 386i. 

The VS3200 elicited positive response from the develop­
ment team. As previously noted, VAX/VMS is a sophisticated 
operating system that is easy to use. The window systems and 
resolution of the monitor were good, but the workstation was 
slower than the SUN 4/110. File transfer between the main­
frame and VS3200 was cumbersome and posed problems 
because of the limitations on record length with remote job 
entry (RJE). 

The IBM workstations had some problems. The positive 
features of these workstations were the monitors, with their 
pure colors, and the UNIX (AIX) operating system. How­
ever, many problems were encountered while using ARC/ 
INFO software. Occasionally, certain graphic functions caused 
the screen to lock up, and the cursor in ARCEDIT was too 
large to accurately select features. In addition, the IBM 125 
was slow compared to all other workstations in the GIS 
laboratory. 

GIS DELEGATE TRAINEE OBSERVATIONS 

At the onset of the project, representatives from various 
departments within NCDOT were appointed as delegates to 
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FIGURE 2 Workstation functional performance. 

work with the GIS development team to define users' needs 
and assist wi th application development. A number of imp r­
tant ob ervations about hardware and opera ting y tems were 
made by GlS delegates after an AR lN FO trnining session 
thal took place in December 19 . 

early all omments about the U 4/110 were p itive. 
Again, the 4/1 LO was not d for its speed reliability, and user­
friend ly dit r. The delegate · fou nd the window system easy 
to use and were favorably impres ed by the re olution of the 
monitor. Attitudes toward the SUN 386i were similar, with 
the exception that it was significantly slower. 

Response to the VS3200 was also favorable. Some trainees 
felt that the VAX/VMS operating system commands were 
easier to learn than UNI c mmands. T he windows although 
le ·s sophi ticated than SU window· , provide I no problems. 

With the exception o'f commen t abouc the large creen and 
high quality of the monitor respon e to the IBM RT wu 
less favorable than that of other workstations. Many bugs 
were encountered with the IBM workstations, including screen 

* with GIS Software 
**connected to GIS lab ethemet only 43 days 

lockups, trouble with keyboard cursor control keys, and the 
inability of the monitor to refre ·h obscured creens. Many 
negative comments were made about the two-butt 11 mouse , 
and the windows were harder to use than SUN or DEC 
windows. 

A number of workstati n features were vie.wed by rhe 
delegate a being highly desirable . The e included ·peed, 
reliability , a three-but!on mou e , keyboard · with numeric 
keypads, mouse-driven system editors, a mouse-driven menu 
operating system, and the ability to easi ly recall and edit 
previously typed commands (history command). 

PRICE 

There was a consideni le amount of variation, not only in 
the cost of worksta!ions them. elves, but in the amount of 
Oflware or extras that were included in the purchase of the 

work ' !ation. Figure 3 show the relative cost of workstations 
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comparably configured (according to April 1989 prices). The 
cost performance of each workstation is shown in Figure 4. 
Cost performance was evaluated by devising an index that 
took into account the price of each workstation and the aver­
age time, in seconds, that it took each workstation to perform 
the 20 AML tests previously discussed . 

CONCLUSIONS 

Workstation technology is evolving rapidly in the computer 
industry, a fact substantiated by the continued introduction 
of new lines of highly advanced workstations. Workstations 
with increased speeds and prices near those of personal com­
puters are now available for GIS technology. Graphics capa­
bilities and processing performance, however , are superior to 
personal computer technology. 

The UNIX operating system, although marketed in several 
versions and in varying stages of development, offers many 
advantages over other operating systems and is rapidly becom­
ing the operating system of choice among workstation ven-

dors . Multitasking and enhanced window performance, 
increased CPU performance through Reduced Instruction Set 
Computer (RISC) architecture, ease of porting new appli­
cations, and compatibility from vendor to vendor are some 
of the significant enhancements offered by UNIX. The UNIX 
operating system also has many advantages in terms of net­
work flexibility. UNIX, in conjunction with NFS, provides 
interoperability across a heterogeneous computer network, 
allowing users to store and access files that reside within a 
multivendor environment. Although not actually a standard, 
many vendors are implementing NFS on their systems. NFS 
was developed by SUN Microsystems and has been tested on 
many networks, including Ethernet , Token-Ring, Apple Talk, 
and others. UNIX has incorporated commonly used com­
munications protocols, such as TCP/IP, into its command lan­
guage to provide for a variety of network services, such as 
remote login and remote file transfer. Because of its many 
advantages, the UNIX operating system should be an 
important consideration in GIS applications. 

After reviewing the results of the 5-month workstation eval­
uation, NCDOT's GIS development team recommended SUN 
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prices). 

Microsystems as the workstation of choice for the initial 
implementation of GIS at NCDOT. SUN was able to dem­
onstrate clearly uperior levels of price , p rformance re lia­
bility , network flexibili ty ease of use , . y tern integrity and 
supp rt. T he newly released UN 4/60 workstation wa · the 
lowest priced workstation in the te t and p rformed at double 
the , peed of the neare t competition. The UN equipment 
worked n a rly very clay since its installa tion. When r pair 

or modifications were neces ary, they were made quickly and 
effectively. In all network functions tested, SUN workstations 
performed as though they were designed for the end user 
rather than a computer programmer. 

Publication of this vaper sponsorl'd by Committee 011 Photogram­
metry, Remote Sensing. and /~elated A 1110 111all'rl yste111s. 
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Emergent Roles for Optical Media 
Transport Engineering 

• 
Ill 

MARCUS WIGAN 

mputcr-basecl yst m. f r th delivery of enginecrin • inf r­
mation ·ue begi nn ing to bec<>me co~t-effc ·tive for a gr wing mnn­
ber of road and civil engineering npplicntions. ptical media . 
mastering. and authoring requirement arc xpl reel, and the 
eri u pr blems inheren t in ihc C\lalu ntion of the use mad or 
·uch systems are con. idered. xamples of the ap1 r priate use of 
analog (La ·ervision) and digiial ( D RO 1) forms or opt ical stor­
age in various tnin von applicat ions ar given. Th · ability to 
hand le high-quality image nnd text. ro acce. s stanclnrds-t1pproved 
computer pr grnm, r r peciric appl icati ns within the ontexc of 
a ''rt ified S1<1 11d·u·d. and the rapid hange in accc si ility to 
digital terrain <lnd ·a la. tral dilta are about to have ft nmjor impact 
on road engi neering and trai ning. - xample~ or hyper! xt nnd 
expen ·y tem I' r thi · purpo. c are 1ww Icing tested 11. part of 
::I pro jeer eva luating Ull <.:nh<JllCCU \I ' r ion (the third CditiOll) f 
A 11 ·1rnfit111 Rai11faff u111/ R1111off, and these methods arc bein, 
l'aluared for their ability b< th to del iwr inr rmation more cheaply 

and for their potentlal L impr vc engineering practice. D ROM 
optical disk delivery forms a key part of thi procc s. The loca­
Lional requirements of p<Wement, iraffic. road, and trnn port 
information systems all point to grea ter use of G IS method . s 
a direct result of evcral Ausiralian review of mm ·portation 
urvey darn need and u s, the u ·e b th or G IS methods f >r dnra 

integration and r optical n edia for collated and ec nomic di~trib­
ution and archival accc ~ have emerged in Au tn:tlia a widely 
recognized requirements of all future such surveys. 

T he requirement for mass storage device both with imaging 
and data capaci ty hav been gro~ ing for some tirnc. Th 
combined ability to acce s visual infonnati n random ! , as o­
ciated with selected items of information drawn from a mass 
of data , is attractive to many different road applica tion engi­
neers. A para ll el thrust ha. been the w rid-wide growth of 
the 300-mm a erv i ion disk formal in the markets for 
computer-ha ed training and museum collection recording and 
display. Road and tran ·purl applica tions include 

• Photologging, 
•Mapping, 
•Terrain data , 
• Water resources data, 
• Transportation and spatial movement data, 
•Navigation, 
• Training, and 
• Vehicle perator environment simulation (with landscape 

montage creation). 

Each of these applications makes special demands that can 
be serviced well by making various data and processing ser-

Australian Road Research Board, 500 Burwood Highway, Vermont. 
Victoria 3033, Australia. 

vices available on optical media of various types. A number 
of the e applications and the associated is ·uc. of image I ro­
cessing and geographical and graphics data bn. e . . arc c vcrcd 
in a nationa l work hop fo r opera ti nal road rganization held 
at the Au tralian Road Re ·carch B an.I (AR RB) in 19 '7 (I . 

The do ument delivery and educa ti()nal a pects being tested 
in the water ancl flood estimation fie ld as a joint Monash and 
ARRB project are documented elsewhere (2-4). This project 
will be con idered as the first or the application domains to 
be discussed. 

DISTRIBUTION AND EDUCATIONAL SUPPORT 
USING OPTICAL MEDIA 

Profes ional engineers now ace an overwhelming amount of 
information that must be integrated in the op tion for, and 
solutions to, any particular problem (2). This trend is leading 
to a substantial need for more effective means of keeping 
practicing ngineers up-to-date and in ro uch with recent deve.1-
opm nt (and in a ellcr r osi1ion to di clung th ir I gal 
liabili ties in Lhi direction-an issue that can no I ng r be 
ign red). 

The methods , fo rma.t. and effective ne s of b th n vel and 
difforent form of relca ·e of ub tan tial bodie f inf rma tion 
e.g., structu ra l r opera ti nal codes of practice o r standa rds) 

in engineering are theref re is ue demanding erious and 
practica l auention. This problem is relevant t all engi neer . 
There i. a c >ntinuou need to update pr fe · ·i nal kn \ ledge 
th roughout an engineers working li fe. 

Unfortunately , much of th ·urrent ly us fut informati n is 
presently held in forms that are not ca ii 1 acces ed. For ex 1m­
ple. even th ugh nginec ring co le contain a \la t amount of 
kn wledge in a particular area, they arc paper ba • d . and 
generally p orly index d and badly cross-referenced. T here 
arc ften maps. nomograms. and ream f pecializec! design 
chart to be obtai ned a well. Th ·e aids , re u ually aL o 
expensi\le to put fish. Con equently, the information is dif­
ficu lt lo acces , and th u. er mu t be experienced if his desig11 
is to sa ti fy the high tandards set by the quality of the 
information. 

The issues that need to be addressed and potential contri­
butions include the following: 

Issue 

Quantity of information 
Organization of in ormation 
Accessibi li ty of in~ rmn tion 

Computer/optical 
Media Contribution 

Computer 

High 
High 
Mixed 

Optical media 

High 
Neutral 
Mixed 
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Issue 

Interpre tation of the 
information 

E conomic distribution of the 
ma terials 

Quality of design assisted by 
the materia ls 

Means of effec1ive updating 
Ability to in tegrate the 

ma terials with othe r tools 
Suitability fo r self-study 

Computer/optical 
Media Contribution 

Com puter Optical m edia 

High Neutral 

Medium High 

High Neutral 

H igh Med ium 
High High 

High High 

The educational ffectivene ·. i t be te ted (J- 5) . 
A uitable test exampl i the th ird ecliti n of 11s1mlia11 

Rainfall and R1111ofl' AR&R (6), a clo umelll of con ·iderabl.e 
relevance t local government cngin ers and tho e ' orking 
i r ·tate road auth riti for the de ign f uch con tru lion · 
a bridges. culvert , and fl oodways. The fi r. t volume of the 
third edition ha· 3 0 page of text , and the second volume 
adds 11 0 pages of A2 size maps. B cause this represents a 
350 percent increase in iz over the ~econd edition. the cost · 
of production, priJlling, reproduction. and di tri l>ution already 
·how compact disk read-onl y memory ( D ROM) as a r ot n­
lially co I-effecti ve alternative even before the additional 
opportun ities offered by a computer environment plus mas 
(optic:tl) storage have been exploited to add value and impl'Ove 
accessibility. 

Monas h and ARRB have been l)uilcling hypertext (i.e .. 
reaurJ1ored nonlinear tex t) versi ns of variou chapte rs of the 
A R&R (6) us.in • the Guide hypertext authoring produ t by 
OWL In ternational (7), which is ba ·ed n the w rk in th 
U. K. (2). The u er f th curre nt AR& R have also I.le n 
surveyed for their experience both with this document and 
other sources of hydrology data and with computers in 
general (J) . 

In order to make eff cc ive u e of engine ring in fo rmation, 
tex t, diagrams, programs and advice in a machine- readable 
fo rmat, it is . impJy not enough to do ' hat ha already been 
done: namely, l transfer unaltered and un "tructured text. 
number , programs, and graphics to a D ROM- however 
useful a. an archival bnse fo r wide di tribut ion, accc.s, and 
security of the dain ba,e and ii · documenta tion ( ). U We t 
Inc. alread produces ma s hyd ro! gy darn n CD ROM . and 
the printed text ve rsion of AR&R i supported b a range of 
hydrology program available from third partie ·. 

The pecial fea wres of optical media are 

• The capability of cutting the cost of repr duction of thi · 
ma sive package of materi al as a single c nvenieut unit. and 

• Enhanced accessibility to the material th reby collated. 
a access i now mediated by a computer system with all of 
the nonlinea r, graphi , and other capabilities that the 
computer can potentially provide. 

In order to gain the e benefit , it is neces ary to cri::ate and 
build some additional strnctu re into the e basic mat rials. 

The authoring f the chapters in hypertex.t has r quired 
much additional structure to be aclded to the basic text. It is 
clear that the requirement to provide multiple paths through 
the information to identify the overall ·tructure and linkage 
in th material, and to provi le se rr ible graphics to the mme-
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ri al all add up t much the same ta ·k a reauthoring the ba ic 
materi al into a f rm mor suitable for a paper, a lec ture 
c urse. or a full teaching workshop. In each case, thi:: inter­
active fea ture mu t be bui lt in , and th · leaching and ·om­
munic.1 tion a. pect requi re grea ter artenti n than is u ual in 
most manuals or textbooks, which rel on such added 
interpr talion when being used as set books. 

PHOTOLOGGING OF ROADS AND ADJACENT 
FACILITIES 

The va lue of visual fo rms of recording road urfacc und envi­
r nment and c nditi n have long been kn wn (9). Ho' ev r 
the co ·ts f large quanti tie of records on 35-mm fi lm arc 
high. The moni toring of road · and their surface conditi n ancl 
adjacent fac! liti has been approached by many boclie - u. ing 
35-111111 slide and film bur u ually with mixed succes. a · a 
r ult of the difficulties in accc ing the materials once cap­
tured. Video tapes appear to ffer a g od method of cheaply 
and conomically capturing large quant it ies f uch material. 
and evera l road authori ties have tried it , but with mixed 
succes (1 ,10-13). 

The most significant problems found with the videotaped 
photologs of road were 

• No one wanted to use them because of the difficulty in 
fi nding target info rmation , and 

• The resolution of the images was too poor for most prac­
tical purposes. 

The unde rl ying problems were that the acces to the indi icl ual 
frames on th video ta pe · wa as.low and cum ber om ' proce 
that took a lot of time and effo rt on the pa rt of the u ers, 
and the typically 20 -line re olu ti<> n of the domestic VH 
video tapes used just wa. not goo I enough to ju ti fy th effort. 

The ta le of onneciicut , which is 111ite mall (by U. . or 
u tralian . tandard ), has had an active ph tologging unit 

fo r ·orne time. This uni t lrns addJessed both of these problems 
(13) . It has been u ing 35-mm fi lm to log the visual . urface 
of the roads, and tran fer thi t JOO-mm Lase rvision disks 
for storage and access. Note that La ervi i n is a trademarked 
pecific standard for 12-in . analog optica l di k . The also 

provide ·ome numerical data overlaid on the top of the video 
screen to key the in fo rmation otherwise ava ilable ar a gi.ven 
loca tion straight nlo the video record . A onnecticut pho­
tolog video di k loaned lO th · author \ as manu fac tured in 
J9 '5 long f re the re finement. now avai lable coul I be 
used. It is therefore lhe low st qu:t li1y th a.t would be ob tai ned 
by anyone using this type f ap1>roach to road inve ntory sys­
t -m , and the control and earcbing facilitie. now a aila ble 
or ato in u, e in onnecticut. Detail f ome of the locati us 
and their frame index numbers arc available from the au1h r. 

There are two type of video disk: c nt inu u. I ngplay 
video ( L V), which CM only be randoml y accessed at tim 
or chapter int rval. , and computer active video (CA ), which 
is recorded slightly di ffe rently. with 54.000 till image n 
each side of the disk, a the recording method permits a single 
image to be displayed with c mplete stability indefini tely. 
Recently the addition of digital fram . tore ·. digit al sound 
track , and ther r finements have blurred the di ffe renc 
between these !w style f di k. as digi tal frame tore ca n 
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be used to capture any frame into a frame buffer for stable 
di, play. These newer players a re still expensive and in short 
supIJly, and the CA V format will continue to b~ nsed by the 
cheaper players. 

The equipment that can most readily be used in Australia 
is the Pioneer L V 4200 NTSC 50/60 cycle and L V 4100 PAL 
industrial computer-controlled Laservision player with analog 
sound tracks only. Both are re adily available in Australia, 
and about 100 examples of the NTSC equipment are in daily 
use at the Sydney Powerhouse Museum. NTSC has gained a 
lead in the Australian domestic and display markets, whereas 
professional training uses both PAL and NTSC players and 
material. It is worth noting that the Sony command se t can 
also be used with its dual standard Laservision player, which 
reads both NTSC and PAL disks and outputs PAL signals to 
the display. 

The Pioneer LV4200 and the Sony LDP1500 are the two 
players most widely supported by Apple Computer HyperCard 
stacks. Optical Data Inc. has created both programs for the 
IBM PC (under the MS-DOS operating system) and HyperCard 
controller stacks and data bases (on the Apple Macintosh) 
for large collections of NASA space and air travel images and 
motion clips, with a considerable amount of ancillary materiCll 
added on the computer data bases attached to the MS-DOS 
or HyperCard host programs. The Voyager Co. of Los Ange­
les has a series of HyperCard tools for the Pioneer and the 
Sony, and also authors a whole range of CAY disks. The 
advent of HyperCard and its clones for Unix and MS-DOS, 
together with Apple Computer's and IBM's steady moves 
toward multimedia and educational applications have begun 
to provide a new foundation for Laservision disks, as well as 
for CD ROMs (which Apple now manufactures). The graph­
ical orientation of the Apple range of computers provides the 
obvious link between optical media and its product marketing 
interests. It remains to be seen if the market will respond. 

Meanwhile, the costs quoted in Australia for premastering 
a videotape, mastering a pressing, and producing the first ten 
300-mm Laservision disks in PAL or NTSC format are already 
less than $10,000 (Australian dollars) for continuous video­
tape transfers-but up to $50,000 for the premastering of 
54,000 different still images on a CAY disk designed as an 
image database, typified by the NSW Printing Office art col­
lection disks. (All prices shown here are indicative , and refer 
to early 1989; major movements, generally downward, have 
alre<icty occurred, and can be expected to continue.) This high 
cost is incurred by the synchroniza li 11 of the eight-fie ld PAL 
video images with the recording process. The manpower 
required for such a large quantity of information individually 
addressed will always be substantial. The costs of CD ROM 
mastering , premastering, and disk production <ire roughly 
comparable, but are already drifting noticeably lower. 

Laservision mastering costs are still noticeably greater than 
for CD ROM mastering, but CD ROM is not as yet a good 
basis for large numbers of still or moving full-color images. 
Uncompressed 24- or 32-bit full-color images could require 
more than 2 MB of disk space. only about 500 still images on 
a CD ROM. The Sarnoff Laboratories/Intel DYi format for 
compressed still and full-motion imaging on CD RO Ms , which 
will still take some time to reach the field in an economic 
form, may be an improvement. Laservision 300-mm disks in 
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AV format handle up to 108.000 still image per disk , or 2 
B of digital data. D'tta compression and expansion schcm s 

based solely on oftware, yet running fast enough for real 
time u e in many case, . are no\ also beginning lO appear i11 
increasing numbers. 

A rnnge of different encoding a nd decoding system arc 
readily available to add severa l hundred megabytes or more 
of digital or audio data to this ma · ive inventory of imaoes. 

The advent of S- HS (400-lin res lution) dome tic video 
record rs and low-co t 500,000-pixel D camera ha · n ' -
in .1989- broughl road y- tem (and bridge tructure ) pho­
tologging to an economic position. Sime and I lud. on (J !) 
empha izccl that this le el was ab ut the I we t acceptable 
level f re. olu tion to achieve ren lly u eful 1 gging result'. 
They u ed 35 mm with ca re ful transfer t th disk in the first 
few rounds or their work , and foun I that the 400-line re. -
lution r better o f a Laservi. ion di k itself wa ac.:c ptablc­
ancf that the random accc. natur of 'A Y la e r di ks mad 
the ph tolog records a product in demand. The 'erial slow 
access of video tape was apparently the maj r blockage to 
wider takeup of the ea rlier casselle-based logging y. tern in 
the state. 

The a sociation with data basci. und r M. - DOS , pple, 
or Unix provides the other comp ncn! required to make 1 ti­
cal media really u ·e ful an I effective in the field . The <i'SO­

ciaLiOn ofa high-quality visual i1nage with an accident lo ntion 
or intcrsecti n co1Hains far mo re in fo rnrntion than can nor­
ma lly be captured in a data ba effi ·ienlly by an other 
mc~ms. Random access to high-quality till imugc recorded 
in analog fo rm on a Lase r ision disk till provides the best 
results at the most con mic co t. 

T he addition r a La. rvi i n-based directory of photo­
graphic-quality image and maps of the trce ts of Mell> urne 
to the recently completed ARRB detai led accidenl darn ba ·c 
for Melbourne (14) would be a typical - and well worth­
while-example of th added utility that it is now 
economically p ssible to provide. 

lf this Melbourne isual data base were to be installed (sily 
under racle or Titan) on an M - DO machine, then qu rics 
to the data base could easily be arranged to invok a particular 
still frame (or motion sequence) s tored on a La ·ervisi n disk. 
There ar ·several methods for si multaneo usly ·toring the dig­
ital da!'a required - perhaps e e n for the data base itsclf-

n the s<ime Laservi ion li~k. thereby making the La.se rvisi n 
disk an extremely high-quality random access archive sy ·te rn. 
which could still be ca ily replicated and put into high-activity 
u e in many 1 cati n · a l iln economic co ·1. The compact, 
complete, and acces. ible random acce s record I hereby pro­
duced \ ould normally require n!y a microcomputer and a 
video monitor for s ·lf-docurne ntecl (and pos ibl)1 even sc lf­
running) large-sca le data bases. The role and economic · of 
such en hanced and ro bust form. of mass darn delivery now 
justify c!os examination , as the trend t networked 
distributed data base ystems gat hers pa ·e. 

The addition or data lo a Lnservision disk can he achieved 
by a range of methods: some u(fect ch use of th di k as a 
ma, s ·till image Frame store, thers ti not. r r xamplc , 
EnYision cards in a P AT (15) wou ld permit the entire 
current data base lo be encoded nto a single disk in icl a 
ubset f the till-frame image tracks. or the LY ROM !>)'stem 
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adopted by Phillips and the BBC (for the 1 GB of ancillary 
information recorded on the three-disk Laservision set 
comprising the Domesday Book) could be used. 

Phillips uses the audio tracks, whereas En Vision and their 
kin provide for a fluid mastering mix of data, audio, and image 
in any combination by using the full video bandwidth of the 
Laservision disk. In either case, a specialized encoder and 
decoder are required, but in the case of the Domesday Book 
the disks can still be read as a series of still-frame and moving 
images. A further form of encoding is to utilize the video 
bandwidth reserved for the blanking interval on a videotape 
recording. This technique was used, for example, by the Mel­
bourne Royal Children's Hospital for videotape records for 
which the coincident recording of the simultaneous data log­
ging digital and analog information was required to be 
available with (and therefore on) a visual record. 

There are wider implications in the use of high-quality La­
servision analog color image records: the geographic infor­
mation system (GIS) has grown up in the land information 
and surveying field as means of handling multiple overlays of 
information over a fixed two-dimensional cadastral geo­
graphic map or three-dimensional full-terrain specification. 
These systems still have some major deficiencies, but have 
more and more to offer land and transport engineering and 
planning organizations. Standard genlocked output from 
microcomputers (typically, the Videologic MIC-2000 and MIC-
3000 interface cards for IBM PC, and Torch for Apple Macin­
tosh II, both of which permit full-quality video to be displayed 
in synchronization with computer-generated text and graph­
ics) can be used to overlay live video graphics from a data 
base retrieval over a high-resolution Laservision-stored image 
of a map (thereby saving a massive amount of storage, 
computation time, and cost). 

This mode of operation is used by military aircraft laser 
disks of various types, where the coincidence of a head-up 
display or terrain feature map underlay from the disk is syn­
chronized with the computer-generated selective information 
overlay. Using the mixed-media style of low-cost data base, 
it is straightforward to include still-frame pictures of specific 
targets, features, or other visual imagery to be associated with 
particular situations or locations. 

Until GISs-such as ARCinfo and TIGRIS-improve sig­
nificantly (16), this approach is likely to add more practical 
value to accident and transport data bases at low cost with a 
short lead time than a move to GIS integration (worthy though 
that would be), and also to drastically simplify the means of 
access to such large bodies of data, and provide it in a more 
usable and assimilable form. 

The software requirements for effective mixed-media 
graphical and digital data bases are not yet clear. The benefits 
of using a graphical paradigm for responding to queries made 
of a pavement information data base have been demonstrated 
(17), but it is clear that a significant convergence between 
GIS, road information data bases, and visual records is now 
imminent and should be used in any new transportation sur­
vey: recommendations to this effect have already been made 
this year (1989) by consulting teams (both including the author) 
for the two largest Australian states. Relational data bases 
have their problems, and the new generations of hypertext 
structures and object-oriented data base systems [arising from 
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the current wave of artificial intelligence i11p11t int data ba es 
and informari n r tri val (5)] will be con. iderably m re suit­
able. To apply som eff rt t unde.1 tancling and inve ting in 
the oft ware aspect · of this new type of information resource 
is timely and will play a large pan in building the de mand for 
(and reducing the co ·tofu ing) large-s ale ptical media and 
their as ociated ' ervices. 

OPTICAL STORAGE REQUIREMENTS FOR 
TRANSPORTATION DATA SETS 

The value f optical torage y ·tern lie both in their capacity 
and in the econ my in providing a genuinely archival torage 
m dium. Transportation urvey. have been carried ou1 since 
the early 1960s, and have long been known for their demands 
of large number of magnetic tapes and substantial computer 
processing lime . 

This perspective ha been radicall al te red by the devel­
opment of fast microc mputer with gigabyte storage capnc­
ity. However , th fragility of th e.~e data ·ets ha continued to 
be a problem . It i all 100 common for tape · to be relea ed 
unintentionally for parity err r to emerge on o lder tape ·. 
and - even m re common- the ba. ic d cum 3 ntation required 
to identify and de ciibe the contents of the tapes become 
clisas ociated with the tapes themselves , thcreb rendering 
the inf rmation virtually useless (8). 

Transport is not the nly field to suffer from this type of 
problem and the SSRC cial Science Data Archive at Essex 
University in the U .K. ha encountered all these problems 
and more. The u ·er demand for their information product is 
n w uch that rhey have created a numb r of 12-in. La cr­
vi ion disk that are permanently n line. uch ystem pr -
vide the ea y opportunity for high-integrit backup, random 
acce and the integrati n · f the textual . graphica l, and 
numerical information for each urvey in a form that pr vide 
a und and easjly replicabl archival r acces ' unit. The 
ability to add computer programs, video, and other forms of 
motion and still-frame imaging to these records also exists. 

In this field, Wigan (7) ha previously recommended the 
use of optical media to cover the fir t •roup of goals, and it 
is clear that lhc economics of chi proces · are indeed excellent 
with the market and technical development of a scant 2 yeur . 
h hould not be assumed that D ROM would be the nly 
medium (18). Worm and erasable optical di k al o offer the 
ability to do dire t ma. tering of large numerical dnta l.nre . 
pecially now that hard di k of 600-MB and larger are read ii 

available for microc mputers. The questions about inter­
changeability and error corr ction . tandard agreemen ts still 
dog Worm and erasable optical cli k , and until the ·e are 
cleared up (as has been done for CD ROM with High Sierra 
and ISO 9660, the distribution potential of such in-house 
mastering will remain problematical. 

The current existence of D ROM drive for Apple and 
IBM P , b th capable of reading the High Sierra and I ' 
9660 formatted files and file y t m , e ta.bli ·hes D R M 
a the medium of choice for the pre ent. Erasable optical 
di k meeting CD ROM form factors and High ie rra data 
formal!ing conventions may yet appear but do not materially 
alter the pr ent market position of D R M. ARRB is 
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continuing l work on finding and testing methods of realizing 
these potential benefits for transportaiion and tcx l lata base . 
The first such CD R~ .. 1 scheduled to be m;iste r d in the first 
quarter f 1990 (19) ill lucles one of lh U&R hypertext 
prototype integrated with hyp rtcxt versions of the technical 
pape1 de cribing the pr ject (2- 4 . 

The marketability of this type of data i becoming ·trongly 
cstabli hed. The BBC D0mesda Bo k i now being marketed 
in two tiers: one for the schools for which it was originally 
aimed-and the other, at a substantial premium, for the com­
mercial interests that are finding this type of integrated graph­
ic ·, visual , and mun ricnl data base a tool of major marketing 
sign ificance. The Museum of Victo ria ha · already moved 10 
a Laservision di k basis fo r rhe visual records in this c llecti n, 
and uses the Titan large- cale data base system to index and 
cover the collections: the Jinks between Titan and the laser 
disks have now also been forged. Titan is a data base devel­
oped by Melbourne niver ·ity and RMIT spe ifically for large 
databases. It is nm marketed by Knowledg • Engineering. 

VEHICLE NAVIGATION 

An ability to contain a la rge amount of detailed graphical 
information in a robust rand m acce format is attractive in 
all sorts of trnnsport applications. Military aircraft are now 
able to use the AMOD-U Lockheed laser disk sy tem to deliver 
terrain and navigation data in an optical disk system "intended 
·pecifically fo r use in high performance aircraft. ... " pc­
cialized la e r <Ii k system for maritime navigati n lrnve also 
been produced, ' il h th en ti re world' charts recorded in 
vector format , and with anci llary informntion to permit ship 
alignment assistanc und r computer control . 

Road vehicle navigation systems also ai m to use CD ROM 
Lechniqu s, and the · TAK car navigati n ystem company 
in Silicon Valley plans to u:e D ROM to deli er their future 
·c rvices built on their curren t geographic data ba ·e efforts . 

ar uavigation sy ·terns and D ROM mapping storage arc 
widely expected t become economi for at least part of the 
motor vehicle market by Phillips and ot her (20). uch na -
igation sy tem are a lso eq uall helpfu l for ther modes. 
including pedestrians in suital le circum ·1ance. (2 /). 

Vehicie navigation applical i ns curren t! lean towards the 
130-111111 D R M/ D ALH.li.o a1 proach as the domestic mar­
ket has dri en lh I rice d wn for this type of technology . 
However. competition between satelli te localion communi­
calion) and dead reek ning with local updares (on-board c m­
putafion and mass torag ) system hus yel t be joi ned in 
earnest. On the road, the utoGuide ystcm du t be te tt:d 
in the U .K. would fit best with the on-board optical disk 
ap1 roach in supporting com munication and beac n assi. -
tanc , whereas the French sy-tems lean more towards ac ti ve 
location by (r quent communications. On the sea, the Disk 

avigation ompany of . weden (22) combines all these me th­
ods , and use D ROM to provide navi ati n and mi.lneu· 
vering a ·sistance throu 1 h direct interactive ontrol f the ves­
sel whi le linki ng in to satellite. Loran , Omega. and ship-b rn 
location and logging devices. 

In either case, the economics of mass data transfer mean 
that an on-board ptic<il uisk with large amounts of digital or 
analog maps or locati n- pecific visual , text , or digiUtl infor-
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ma ti on, will provide a massive boost for the production and 
distribution of the necessary master optical disks. As the 
reproduction costs are so low (a few dollars), the existence 
of a mass market will permit this product to become econ 111-

ically avai lable for the wide ran •e of identifi d specialized 
uses in tran port engineeri ng. 

Large-scale data base system · are required f r locati nal 
and navigat ional y ·tem. a these. lik the thcr types of 
transport and land-re lated data system , are alt turning to 
cada ·tra l. terrai n imaging, or la. er disk upport to handle 
the increasingly nonhom ge neous na ture of the item m1d 
entities to be indexed. 

The convergence of GIS, transportation survey, road, and 
land information and textual data base requirements means 
that greater attention ·hould n w be paid by thu ·c in these 
fields to such ·y ·tem · a IR O 's ' IR - BMS extensions 
of Orac le , GADD (2 ) and Titan a w II as the newer devel­
opments in I ystems ' UCh a lntergraph"s TL GRIS that a re 
emergi ng n w that AR Info is becoming mature in the mar­
k tplacc. It is difficult Lo see the next round of transportation 
·urveys· being undertak · n with ut the use f l met·h ds 
for e ither the survey I ha e or a t lea L the data ba. st ru turing. 

SUMMARY 

Optical disk applicati n in transport are already in use, and 
others are becoming economical quite quickly. All depend on 
the ability to create compact, robu. t. and heap storage units 
that can contain graphical, video, au ral, and digital 
information i11 larg quantilie and wi'lh random access. 

The rn st ign ificanl new applications to emerge will prob­
ably be the simple addition of vi. ual records as ocialed with 
spa tial aspects of r ad information system ·. followed by m tor 
vehicle navigation systems. 

The educationa l and text data ba c impact f ptica l disk 
technology are likely to appear fir t in the publishing. edu­
cational , and technology transfer areas of engineering. and 
may ha" a greater ffect than all of the other applicat ions 
and data ba cs combined if they can help t maintain. update , 
and improve the performance f exp rienced engineer in 
their job. 

ARRB is about to publi ·h" trial inf rmati n re. ourcc D 
ROM 19) r te ·t ·evcra l f the application areas . This D 
ROM conta in a wide range f tra nsportation dacabase , 
information retrieval and hypertext resources in addition to 
a stereo audio track which can be played by a c nventional 
do me tic D audio player. 

The rapid conve rgence of management and perational data 
requirements in road and tran port-related rganizations 
already dema11cl the g.igabyte storage cale of optical di. ks. 
and the ability to replicate uch large data bases and ad I 
audio, vi . ual. a nd :inalog information will b progre sively 
taken up . Increasing pressure can be xpecrcd o n GIS oft­
w;)re vendors to produce true object-oriented data ba e y -
tcm · capable of integrating GI . graphic , and rc lationol data 
base models. and s I up to handle huge quamitics of data in 
an integrated manner. 

Optical torage media proviue a viable meth d f r ati ng. 
managing, ·t ring distributing, and accessi ng such multi-agency 
data bases . The more difficult question · or the type :ind 
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nature of the data base oftware (a distinct from the b11 · ic 
index creation and user inte rfac query software) to make 
best use of this newly found p tential ma tery of the ba ic 
data are being addressed by Titan and o ther innovative efforts. 

GLOSSARY 

Acronym 

CAY 

CCD 

CDI 

CD ROM 

Definition 

Computer Active Video form of Laservi­
sion recording that is recorded as 54.000 
still images on each side of the disk . Thi 
permit a single image to be di played 
indefinite ly with complete stabi lity. 
Charge-Coupled D vice: a robu l form of 
camera design that permits high- peed cap-
ture of images with wide lighting t le r­
ances. 
Continuous Data Interactive: a method of 
compre sed image recording and expansion 
that permits up to 70 min of live video to 
be recorded on a single CD ROM. Pat­
ented by the ex-RCA Sarnoff Research 
Laboratories (now Intel). 
A standard for 1,300-mm digital optical 
disks, the same size as domestic CD audio 
optical di. ks , and read n modified player 
for that type of di k, thereby reducing the 
cost of rhe play rs and broadening the mnr­
ket from the ·tart. 

CLY Continuous Longplay Video: a form of 
La ·ervision recording that can only be ran­
dom ly accessed a t time or chapter intervals. 

Expert systems Advi ory r diagn stic c mputer programs 
that a re designed to mimic or replicate a 
degr e of human judgment. advice . r reg­
ulation. 

Genlock A term used to specify the ability of two 
video signal.s to be synchronized and dis­
played as one. 

High Sierra A standard format for digital CD ROM 
recording agreed at a series of conferences 
led by Microsoft and others in the mid­
J980s . The ba is for the 1 0 9660 tanclard, 
which is Hjgh Sierra with some margi1nl 
(but irrit ating) alteration . . 

HyperCard An innovative program provided with Apple 
Macinto h computers that make · nonlinear 
text and graphics handling easier for non­
programmers. It has had a wide impact, 
and is now a common basis for multimedia 
control programs, including Laservision 
disks and CD ROMs. 

HyperText Nonlinear text, with many branches and 
means of navigation through it. 

Laservision"" A standard for 300-mm ptical analog disks 
iniliated by Phillips , DiscoVision, a nd 
Pioneer for con umer and professional usage 
in the late 1970s. 

L V ROM A form of data encoding on Laservision 
disks designed by Phillips for use with the 

NTSC 

PAL 

S-VHS 

WORM 
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BBC Domesday Book project and its suc­
cessors. 
The form of video encoding used for video 
broadca. ting and reco rding in the U . ., 
Japan, and s me other countric . . Widely 
used in Au. tra lia fo r dome tic and museum 
Laservision records. 
A m difi · d form of NTS , offe ring m re 
resolution and better color stability. Ess n­
tially a modifi ed West erman standa rd, 
adopt d i.n mo ·t of Europe and in Au. tralia 
for public broadcasting and domestic use 
in vario u· forms (PAL- l, PAL- D. etc.) . 
The ver ion · of PAL u ed in Europe and 
Australia are significantly liffere nt in a 
number of respects. 
An enhanced version f the JV o mpany 
domestic VHS standard which pe rmit s up 
to 400 + lines of horizontal resolution on 
special material tapes in domestic VHS for­
mat. Downwardly compatible with current 
VHS player. . R quir e ither a special 
monitor or an R B adaptor box for play­
back at the full 400 + line quality lcv I. 
Write Once Read Many optical di k -. The· 
are of archival quality and may only be writ­
ten once . Standards for these removable 
disks have not yet stabilized. 

1. R. J. Trou1beck and I. R. Wigan (eds) . Worksliop 011 Vi.w11l 
Data A L·q11isi1io11 111111 Appllc111ion. Re tta rch Report RR J5 1. 
Auslrtllian Roud Rcsccirch Board, Vermont . icto ria , Aus1rn lia, 
1988. 

2. R . Hadgru ft and M. R. Wig:m. Assessment nnd lmpr v mcnt or 
the odilication :md Delivery or Engin.:cring Experience. In Pmr .• 
Wlllercomp · 9. Natiom1I onrcrcncc Publication No. S9/8. lnsti ­
tulion of Engineers. Australia . Canberra. A f . 1989. pp. 160-
164 . 

3. R. Hadgraf1 and M. R. Wiga n. Towards Efrcc1ivc Field upporl 
and Retra ill ing fo r "llginccr' Who Use A1m ralir111 ffoi11fall 1111<1 
R1111off. In I EA u'St. Hydrology u11d Wmer Resmu·ces Sympo i11111. 

hri !church, cw Zea land. ational onferencc Publicmi n ,'91 
19. Institution or Engineers. ustrnlin. anl.Jc rrn . I'. 1989. 
pp. 468- 472. 

4. R. Hadgra f1 and M. R. Wigan . A Possible Pro totype for n New 
Am1ralit111Rai11f11/I 111/l/ R11110/f. Jn IEA 11 ·1. H.wlrology 011 <1 WMer 
Resources Symposium . hri tchurch. cw Zealand . ationul 

<)nferencc Publication , 9119. In 1itution of Engineers. Aus· 
1ralia , Canberra. AC T. 1989. pp. 48 1- 482. 

5. M. R. Wiga n. lnforrnllt ion Provision ;incl Acccs : A . ers View. 
Library of11w11·e Revit w, Vol. 8. o. 3. 19 9. Pl . 130- 137. 

6. A ustmlian R11i11f 111/ mu/ R1111off (3rd ed .) . lEAust. Sydney . . 1987. 
7. M. R. Wign n. Awuralia11 Per. 01111/ Trai ·el C/wr11r1eris1ics. pecinl 

Report R 38. Australinn Road Rcsc:uch 13 ard. Vermont . Vic-
1o rin, Au tra lia. 19 7. 

8. M. R . Wigan. The Sec ndary Use of Transport urvcy Da ta . In 
E. Ampt. A . J. Richardson. and \ . . Drog. Nl'w S11n1ey ·n-ch-
11iques i11 Tra11spor1 . V Science Pre s. ctherlands. 1985. pp. 
131- 148. 

9. T. Dana. K. H. Tscuchiyiirna. nnd K. S. piela. Cos1-£ffectfr<' 
1111•e111ory Prol'edure · fo r High111ay D/l/a: U. ers Manual. Report 
FHWA-TP-85- 14. FHWA . U. ·. Department of Transportat ion. 
1985. 



68 

10. M. Pcrfnt(r and . 1 larris. A 11 /11 11es1ig"1io11 ot rlre U ·es of llitleo­
tape i11 Tr11M11or·1mio11 Op11rn1io11. Report FH.WA/ 1\-, 6120. 
FH'I A. U .. . Department or Trnnsp rtalion. 1987. 

11 . J. M. Sime and .I . 11. 1-1 udson. l'hmolog Lfl~'l!I' \l fr/eo Di ·k f u1 

Hig/11 1111y Mrmi1ori11g, £11nfru11io11 and Va111 . 1omge. •p;u1mc111 
ofTran. port, Wcth rsfiek l, onn .. 191!6. 

12. J. 11 lludson ::incl J. M. Sime . Proced11re Mm11/(// for Plwrolog 
Laser Disc />rod11clio11. Dcpnrt mcnt of Tran 1 ort. Wethersfield. 
Conn., 1986. 

13. Laser vidcn discs, computer discs for road evaluations. Beller 
lfo11ds. March 1985. 

14. D. . Andreasen. /)I f/ggreg01io11 of Accidc111 011111 by lfoad Hier-
11rthy. Intern. I Report AIR 1123-1. Au~trullun Road Re carch 
Board , ormont. Victoria . Au. trnlia . 1 9~3. 

15. M. Fritz. till - mmc Audio: 300 to I ompression Ratio Mox· 
imisc. Disc Space. CIJT D.in1cti0/rs, March 1989. p. 10. 

16. J . Dang rmontl . A Cln ·sific:a tion or Softw;irc cunponents om­
mon l Used in rcogrnphic Information Sy~tcms. In D. Pcuquet 
;111d .I . o· 'allaghnn . Unir<•d Sm111s!A11 1rt1fi11 Workshop 011 Design 
1111d lmple111e11t(11io11 of 01111m1t!r· JJ11sed Geographic: /11fomu11io 11 

ys1e111s. IG om111is. i n on cogrnphicnl l11 fo rnrn1ion Sys-
1cn1S. /\rnhcrs1, N.Y., 1983. 

TRANSPORTATJON RESEARCH RECUJW lllJ i 

17. M. R. Wigan . The Use of Pro101ypi11i; 111111 Gmp/ifcs /llfrtlr a<l for 
Ro(l// /11fomu11imr Sy ·1e111s. Technical fanua l TM 25. A11s1rn­
linn Road Rcsc<1rch Bonrd. Vermont. Victoria , Aus1ralia. 1988. 

l8. T. Hendley. D-Rom <1t1d Op1ic11/ P11l>/islr i11~ Sys1e111s. I 1-
TE 1-1 Report 26, Hatfield Poly1cchni -. Ha1 1icld . U.K., 1087. 

!CJ. •I. R. Wigan . ARRB lnformution Re ourcc D-Rom . Publi­
cation .D-Rom-1/ I 9660. l\uslrnlian Rond Rcscurc:h Bonrd. 
Vermont . Victoria . Australia , un I 22-1 . hooklcl as supplied\ i1h 
this CD-Rom eparntcly tl\'nilnble. in pre .. 

20. J . K . Benrdmorc . Laservision Technolo ns Applied t Route 
Guidance Systems. In lle/ri le Ro111e Guidr111c1•, 'avi r11io11 111111 

Co111rol. IE · olloquium, London .. K .. 1987. pp . 11/1 - 1116. 
21. Oracle 'ommunic11 1ions. In lmei;rmed Trt111s11or1mio11 l11for11111-

1/011 ys1em. Report T P 8293 . l\fon1rc11l. an;1da. 1987. 
22. V. K;irngcr. La ~1rtc Elcctroniquc. Nm•igmicm. o. I'l l. 19 . 

pp. 63- 69. 
23 . C. N. G . Dampney and B. D. Jo hnson. Database Management 

Systems f t the Geosciences. £xplor«1ion Geophysics. Vol. 19, 
No . 112, 1988. 

Publicalion of this paper sponsored by Cammi/lee on Computer 
Technology. 




