
TRANSPORIATJON RESEARCH RECORD 1442 19 

Geographic Information Systems as 
Platform for Highway Pavement 
Management Systems 

OMAR OSMAN AND Y OSHITSUGU HAYASHI 

Although existing highway pavement management systems (~MSs) 
have so far served their intended specific purposes, they still have 
limitations. Many of these limitations come from the rigid mode of 
use of these systems, inefficient coordination between subelements of 
the system, and the lack of relevant information. Adaptation of geo
graphic information systems (GISs) into this area, however, can help 
tackle many of these limitations. This is particularly true because of 
the realistic representation of real-world entities, the organized data 
structure, and the powerful analysis and presentation capabilities pro
vided by GISs. A prototype HPMS is coupled with a GIS containing 
a land base of a selected study region. The resulting system is com
posed of (a) a spatial data base, (b) an attribute data base, ~c) a general 
and a specific analysis module, and (d) an output generation module. 
Possible applications of such a system are then investigated. Several 
outputs representing different analysis stages and techniques mainly 
related to maintenance decision making are also presented. It is shown 
how this system provides a flexible tool for interactive analysis of 
policy tradeoffs, clear display of results, and coordinati~n ~e~ween 
related activities. The system can also improve data availab1hty by 
spatially relating relevant inforination and facilitating data exchange 
between different administrative offices. 

Highway management is a process, with several highway-related 
activities involving planning, design, construction, operation, 
maintenance, and research developments. Each of these activities 
requires frequent decision making to tackle various problems that 
are neither well structured nor unambiguous. Such problems are 
not unique, so a one-shot effort would be justified; neither do they 
recur frequently enough with sufficient similarity to subject them 
to rigid mathematical treatment. Moreover because of the mixture 
of uncertainty in the scientific aspects of these problems and the 
subjective and judgmental elements in their sociopolitical aspects, 
there is no wholly objective way of finding a best solution (1,2). 
Thus to effectively carry out the management process some sort 
of a decision support system (DSS) is essential (1,3). The func
tions of a DSS range from information retrieval and display, fil
tering and pattern recognition, extrapolation, inference, and logical 
comparison to complex modeling. Unlike information systems 
that are based on a sequential structure of analysis and decision 
support resulting in unique answers or at most scenario analysis, 
DSSs emphasize the importance of interactiveness and the direct 
involvement of the end user. This implies feedback between the 
different elements of the system. Under this definition many of 
the existing highway management systems would fall under the 
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information system category (2). The use of DSSs can, however, 
vastly improve the decision-making quality and can move man
agement toward achieving better use of limited highway 
resources. 

One technology that is particularly promising for the highway 
management process is geographic information systems (GISs). 
These systems are gaining increasing importance and widespread 
acceptance as tools for decision support. GISs can assist in the 
preparation, analysis, display, and management of geographical 
data. It is in the analysis and display functions that GISs meet 
DSSs. 

In this paper the applicability of GISs to the highway manage
ment process is discussed. A prototype GIS-based highway pave
ment management system (HPMS-GIS) was developed, with an 
emphasis placed on maintenance-related issues. This system cou
ples highway performance evaluation and repair prediction models 
with GIS analysis and display capabilities. The results of a case 
study performed with this system are also presented to clarify 
some of the potential applications and advantages of implement
ing such a system. 

WHY GIS FOR IDGHWAY MANAGEMENT? 

Road networks are inherently geographic because they extend 
over wide areas and interact with various land topographies such 
as rivers, mountains, buildings, and other roads. Network com
ponents and events are also locational in nature. For example the 
extent and shape of a link, road intersections, accidents, and pave
ment condition cannot be completely defined unless the geo
graphic location of the component or event is given. Thus spatial 
considerations in the analysis of different road activities are es
sential and can vastly improve the quality of the decision-making 
process (4-8). Analyses of such spatial considerations are diffi
cult, inaccurate, and time-consuming without a GIS. 

However highway management systems are usually based on a 
central data bank in which only descriptive data are handled. 
Moreover in most of these systems the data are not referenced to 
any geographic coordinate system, and thus diverse data types 
cannot be related in most cases. More advanced systems are also 
supported by computer-aided design and drafting (CADD) sys
tems for generating maps. Neither of the two systems permits 
spatial operations on the data. GIS as a system with spatial anal
ysis capabilities, besides having the attributes of the above
mentioned systems, particularly matches the geographic nature of 
road networks. 
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DEVELOPMENT OF PROTOTYPE HPMS-GIS 

The application of an HPMS-GIS described here is not intended 
as a complete system but rather as an investigation of how to 
apply a system and the advantages of applying GIS to the highway 
management area. However the development procedure and ele
ments of the described prototype system are equivalent to those 
required for a complete system. 

The system described here was developed within the ARC/ 
INFO environment (9) installed on a UNIX-based engineering 
workstation. This system integrates geographic analysis and mod
eling capabilities with a fully interactive system for the acquisi
tion, management, and display of spatial and attribute data. 

The Aichi Region in central Japan was selected as the geo
graphic area of the prototype system. The city of Nagoya is lo
cated within this region and was selected for detailed represen
tation in the system. An HPMS-GIS was then developed for· this 
region. The system that was developed consists of several mod
ules that interact with each other to carry out the required analyses 
and presentations. These modules are (Figure 1) (a) the data mod
ule for the spatial data base, (b) the data module for the attribute 
data base, (c) an analysis module, and (d) an output generation 
module. The contents of and the development procedure for each 
module are described in the following sections. 

Spatial Data Base Module 

The spatial data base module includes data describing the spatial 
distributions of geographic features in the study area. The basic 
features included are a selected road network and the region's 
boundaries. Other features were also included 'to represent a sam
ple of the different land topographies that interact with the road 
network. Thus the final land base in the system contains the fol
lowing features: 

1. Borders of the Aichi Region, 
2. Administrative boundaries within the Aichi Region, 
3. National trunk roads within the region representing the study 

road network, 
4. Other main roads located within Nagoya, 
5. Land use in the area of Nagoya Port where two major trunk 

roads pass, and 
6. Main water supply lines in the Nagoya Port area representing 

public utilities. 

~
opulation 

Attributes mp_loyees 
raffle 

Data base Pavement 

FIGURE 1 Modules of developed HPMS-GIS. 
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The only appropriate base maps that could be obtained were 
sets of paper maps; each provides a representation of one of the 
features to be included in the land base. These maps are originally 
produced by different authorities for different purposes and thus 
have different scales and geographic extents. Moreover some of 
these maps are not even referenced to any standard geographic 
referencing system, such as latitude-longitude. Thus to establish 
a common referencing system, common landmarks were selected 
and marked on each of the paper maps to be used later as reference 
ticks. 

Each of the features was then digitized and stored in a separate 
coverage by using a suitable feature class (arcs or polygons). In 
the case of the national trunk roads in the city of Nagoya, each 
1-km section was digitized as an arc connecting a beginning and 
an ending node. During digitization a unique identification (ID) 
number was assigned to each of the arcs representing highway 
sections, arcs representing utility lines, polygons representing ad
ministrative areas, and so on. The system was then run to generate 
topological relationships between the features in each coverage. 
During this step the length of each arc and the area of each poly
gon representing geographic features also were computed and 
stored. The reference ticks were used to transform all of the cov
erages so that all of them would have a similar extent and refer
ence and thus could be perfectly overlaid. With this step done the 
land base is ready for the spatial analysis and display steps. Figure 
2 shows a display of the road network within Nagoya as well as 
the boundaries and administrative borders. This display is ob
tained by overlaying different coverages by using location as a 
common key. 

Attribute Data Base Module 

The attribute data base module includes the representative non
geographic information associated with each administrative area, 
road section, land lot, and utility line. Each of these features is 
represented by the attributes described below. 

Administrative Areas 

Administrative areas are represented by area ID, area name, and 
road authority name. All of these attributes are entered and saved 
in one data base file. 

Road Sections 

Road sections are represented by section ID, route number, link 
number, road geometric data (such as kilometer post, number of 
lanes, lane width, and shoulder width), pavement data [such as 
pavement type, California bearing ratio, structural number, main
tenance control index (MCI; an index describing pavement con
dition on a scale ranging from 10 to 0, with 10 for excellent 
condition and 0 for failed pavement), distress amounts, and last 
repair date and type], and traffic data (such as traffic volume, road 
capacity, percentage of trucks, directional distribution, and speed). 
These data sets are entered and stored in three separate data base 
files. Each record in any of these files contains one set of road 
data (geometric, pavement, or traffic) besides section ID, route 
number, and link number. These three variables are used as keys 
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FIGURE 2 Overlay of road network and city borders. 

for relating the records among these files (Figure 3). This sepa
ration is done to expedite the updating of data and to reduce the 
burden of maintaining and using files with large amounts of data. 
This can also reduce data redundancy in a well-structured data 
base. 

Land Lots 

Each land lot is represented by an ID number, land use type, and 
average land price. All of these attributes are stored in a single 
data base file. 

Utility Lines 

Each main water supply line is represented by an ID number, pipe 
diameter, the name of the authority responsible for its repair, and 
the year of planned future repair. One data base file is· used. 

Attribute Data Entry 

Most of the attribute data were entered by using the conventional 
tabular format for data entry provided by the· INFO data base 
manager (J 0). However some attribute data could be entered by 
first referring to a geographic feature on a screen displaying the 
corresponding coverage. and then entering the attribute. For ex
ample the name of each administrative area could be entered by 
this technique (Figure 4). This allows for the direct use of thematic 
maps as the source of data without the need for coding. Therefore 
this technique reduces data preparation time and coding errors. 

Special care was taken to ensure that the ID given to each data 
record in the attribute data base matched that given to the corre
sponding spatial feature. Once this match is accomplished the re
cords in the attribute files can be linked to their spatial features, 
and thus to each other, by using location as a common key. 

Besides the aforementioned attributes additional variables are 
included in some of the data files to accommodate output values 
from the analysis module. For example in the pavement data file, 
variables for expected future condition, repair type, costs, and 
after-repair condition are included. 

Analysis Module 

The analysis module consists of two categories of user-written 
programs. The first category is programs that run fixed sequences 
of standard ARC/INFO commands on user-selected coverage(s) 
or attribute data. This includes several programs written in ARC 
Micro Language (AML}'(JJ) and IN¥0 programing language 
(JO). These programs help avoid the tedious work required for the 
step:-by-step processing that must .routinely be followed to perform 
a certain type of analysis or display, such as map composition, 
overlays, queries, data entry, update and retrieval, and general sta
tistics. An· example ·of this group is programs used to generate 
thematic maps with standard formats, attribute data, colors, titles, 
legends, and so o.n. · , 

Besides the category mentioned earlier, for a GIS to be a useful 
tool like a DSS user-defined procedures in the form of specialized 
simulation and optimlzatio·n models must be represented in the 
system (3). This can be a_ccomplished by using the general
purpose programing language supplied. within or outside of the 
GIS environment. to represent these procedures. Therefore .the sec-. 
arid category of programs provides a specialized analysis related 
to highway managem.erit. Uiis category· includes programs for 
condition analysis, prediction of future deterioration of highway 
pavements, and the selection and simulation of repair alternatives 
under different budgets and scenarios. Programs for performance 
evaluation regarding the surface and service conditions of the 

: highway system and· changes in vehicle operating costs are also 
provided. All of these programs are written in FORTRAN 77 and 
can be called from within the GIS environment by the procedures 
written in AML. 
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FIGURE 3 Relational structure of attribute data base of road network. 

FIGURE 4 Interactive entry of attribute data. 
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The merit of running these specialized applications from within 
the GIS environment was realized through another set of programs 
that take advantage of the spatial analysis capabilities of the GIS. 
The outputs of these programs are passed to the specialized anal
ysis programs automatically or by the user. Possible spatial ma
nipulations that can be carried out by these programs involve (12): 

1. Determination of patterns of data associated with locations 
and the manipulation of location-related data to derive new infor
mation from existing data, for example, the analysis of clusters 
of certain pavement deficiencies by the determination of patterns 
that indicate nonrandom occurrences and therefore require inves
tigation for other relationships to understand the reasons for the 
clustering. The result of such an analysis can be fed back to the 
condition analysis program for example; and 

2. Manipulation of data such as overlays, address matching, and 
routing topologically to create new information from the relation
ships among the data and the topological structures related to 
them. An example is finding the best detour path between two 
nodes on a network to avoid maintenance work on a certain link 
or overlay land use and road network coverages to get information 
on the land required for widening a certain route. Almost all of 
the specialized analysis procedures can benefit from the results of 
this type of spatial manipulation of the data. 

Other required analyses that are not supported by any of the 
programs described earlier must be carried out interactively. This 
requires a certain level of skills with GIS. The development of a 
user interface can vastly facilitat~ this task. However the devel
oped prototype system does not provide such an interface at the 
current stage. Nevertheless the ARC/INFO general-purpose menu 
interface built in to the system, known as ARCSHELL (13), can 
provide an easy pathway for accomplishing many such tasks. 

Output Generation Module 

The main function of the output generation module is to produce 
screen displays or hard copies of data and information generated 
by the analysis module. These outputs are usually on a thematic 
map or in tabular formats or data files. In general output genera
tion can be done by using one or more of the analysis programs, 
textual queries, or direct geographic queries (by pointing at a fea
ture on a screen map by using a mouse for example). 

POSSIBLE APPLICATIONS AND ADVANTAGES 
OF SYSTEM 

. The prototype system that was developed can benefit the different 
activities within the maintenance management process as well as 
other highway-related activities. Some of the possible applications 
and merits of implementing the system are discussed below. 

The way iii which the data ate captured and stored in the system 
can vastly improve data quality and their availability. Data incon
sistency, data redundancy, and coding effort can be minimized. 
The data held within the system can easily be accessed by staff 
scattered in different places within and outside the local authority 
maintaining the system. If mutual data access is achieved the ben
efits from the wider availability of the data will also be reflected 
in the effort expended to ensure that the data are up-to-date and 
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that their quality is maintained. There is no doubt that improved 
data quality and availability will positively affect the quality of 
decisions made on the basis of those data. 

Automated cartography can replace the routine process of man
ually transferring some of the tabular information on road con
ditions to a base map as a step in understanding the data. With 
the powerful cartographic capabilities of GISs, this step can be 
done more extensively, accurately, and even more cheaply. On the 
other hand summary reports on conditions, problems, policies, 
impacts, and achievements that are typically presented in tabular 
and graphical formats can be supported or even replaced by the
matic maps generated by the system. A picture or a map is easier 
to comprehend than a report. Such an understanding is the basis 
for more sensible judgment and decision making. Showing infor
mation in a map format is most suitable for clearly presenting 
abstract information to high-level decision makers, politicians, 
and groups of citizens. Without a GIS it is impractical and time
consuming to extensively show information by manual cartography. 

The spatial analysis capabilities of the system can help to rev
olutionize many of the activities carried_ out within the highway 
management system. Spatial integration of the data and pattern 
determination capabilities can help in the development of sophis
ticated deterioration models that take into consideration a diversity 
of factors that may affect deterioration rates. These capabilities 
would also make it possible to enrich the decision-making process 
by incorporating other types of data that cannot easily be brought 
into the process without the ability to spatially relate the data. For 
example repair decisions that take into account accident analysis, 
the features of the land surrounding the road such as land use and 
price (for road widening), and the repair and the timiilg of instal
lation of utilities embedded in the roadbed can be realized. This 
can vastly improve the cooperation and coordination between the 
different local authorities within and outside the highway admin
istration, leading to greater efficiency. Even within the mainte
nance administration better interaction between offices with dif
ferent tasks can be achieved because all staff can easily access the 
.same data source. 

Topological manipulation capabilities can be employed in de
veloping a realistic simulation of traffic flows under different net
work conditim.1s. This may help to assign traffic to the best detour 
routes during the repair of certain links of a road network. The 
capability of performing geographic queries directly from the dis
play of outputs on the computer screen can also help in the in
teractive examination and evaluation of problems, policies, and 
consequences. This would achieve much of the interactiveness 
between the system and its user that is so strongly required. 

Another possible application that could not be added to the 
prototype system because of time and software limitations is the 
dynamic segmentation of road networks. In this application each 
road-related attribute is stored in its own representation of the 
network, separate from the spatial configuration of the network. 

- Segment boundaries in each thematic network would be defined 
by the variability of each attribute used in a map. Such a construct 
would minimize data redundancy while capturing data at any de
sired level of detail ( 4,14). This also eliminates the need for prior 
road segmentation; 

APPLICATION OF DEVELOPED SYSTEM 

The following sections present a sample application of the HPMS
GIS that was developed. The objective of the application is to 
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show how this system can help in the decision-making process by 
showing various outputs and analysis results produced interactively. 

The developed system was used to examine the performance 
and repair needs of the study road network by assuming different 
I?udget levels and repair policies. Several maps representing dif
ferent stages and types of analysis were produced throughout the 
application. In generalthe outputs can be classified into three cat
egories: data retrieval, data analysis, and data integration maps. 

Data Retrieval Maps 

Data retrieval maps are the counterparts of summary reports gen
erated directly by querying a data base containing raw road data. 
Two examples of data retrieval maps are shown in Figures 5 and 
6. Figure 5 shows the current road (pavement) condition in terms 
of MCI. Each road segment is highlighted by using different col
o.rs or patterns according to the category of its MCI. Summary 
statistics are also shown on the map. Such maps are routinely 
produced manually. as a preliminary analysis step. The developed 
system can efficiently perform such tedious work. 

Figure 6 shows the current traffic . condition in terms of the 
volume-to-capacity (v/c) ratio. A different technique is used to 
display ~egment attributes in Figure 6, in which the buffer width 
around the road center is used. The buffer width varies according 
to the v/c ratio, with wider buffers for higher v/c values. By using 
such a ~ap it is easy to discover loq1tions with low service levels 
that need widening or improvements. Also the nature of the traffic 
distribution throughout the network can be understood and better 
traffic management alternatives can be suggested. 
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An unlimited number of similar maps can readily be generated 
by using different data items or a combination of items from the 
road data base. Three-dimensional maps and overlays would also 
have been possible if the elevation of features were given related 
to a fixed datum. 

The advantages of this category of maps are that they are clear, 
are easy to comprehend, can be. intensively produced, and can 
facilitate data consistency checks. 

Data Analysis Maps 

Data analysis maps can be divided into two types. The first is 
conceptually similar to and has the same advantages as data re
trieval maps, but data analysis maps use information resulting 
from the analysis module. Figures 7, 8, and 9 show examples of 
this type. Figure 7 shows the results of a maintenance needs as
sessment and project selection in which a limited repair budget 
equals 80 percent of full needs. Two data items are displayed for 
each segment: the type of required maintenance assessed at the 
end of year 1991 (shown numerically) and the segment if it is 
selected for maintenance in 1992 or is deferred (shown as a pat
tern). The evaluation of such maps by the end user can give good 
feedback from the system, leading to a fairer and more logical 
budget allocation. Figure 8 shows a comparison of the predicted 
surface condition over time if two budgeting scenarios are con
sidered. A higher average MCI is predicted in the case of a de
creasing allocation of the available limited budget over the budg
eting period (front-loaded investment). Visual comparison of the 
maps shows that only those segments with high traffic volumes 
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FIGURE 7 Display of predicted repair needs and selection. 
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FIGURE 8 Comparison of predicted pavement condition under two different budgeting scenarios over time. 
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FIGURE 9 Geographic query of maintenance information for a selected road segment. 
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FIGURE 10 Search for best detour route during repair of a link. 
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23 9 280· 13 7 181 ·50 406758·9 
23 9 108·09 9 116·30 100568·8 

----------
2042·55 3358297·7 
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FIGURE 11 Land acquisition requirement for road widening. 
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have different MCI under each scenario. Figure 9 shows a differ
ent type of data query. A road segment is geographically selected 
on a map on a screen by simply pointing at the segment. A pre
selected set of information describing road ID, traffic character
istics, pavement design, and maintenance assessment and selection 
over the analysis period are displayed on the screen as a response 
to the query. Such a query technique can easily help in clarifying 
interrelated facts. 

The second type of map under this category is that which uses 
an analysis based on the topologic features maintained by the 
spatial data base. A possible application is finding and evaluating 
alternative routes during the shutdown of a road segment for re
habilitation. This application utilizes information on link connec
tivity, network resources, and turning impedance between links to 
represent possible routes, directions, and traffic condition on each 
link. Figure 10 shows an example of this application when the 
end user is interacting with the system to search for the best detour 
routes for traffic between nodes 42 and 75 during the application 
of a planned repair on link 51-58. 

Data Integration Maps 

In data integration maps several coverages containing diverse 
types of data are overlaid, and attribute data are integrated by 

§ CRDINAllV ca+ERCIAL 

~ 
COASTAL 
INDUSTRIAL 

• DISTRICT CEN rotER • IN..AN> INX.STRIAL 

[ill] RESIDENTIAL - INJUST • DISTRlflJT!()I SERV 

• CRDINAllV RESIDENTIAL • Ar.RICU..Tl.AA... 

EXOJJSIVE RESIDENT • PARKS 00 GnNS 

TRANSPORTATION RESEARCH RECORD 1442 

using location as a common key. The result of the overlay is a 
new coverage containing all spatial features and attributes origi
nally contained in the overlaid coverages. Such an overlay can be 
useful for both theoretical analyses as well as practical consider
ations of the features surrounding the road. 

An example of possible practical considerations is shown in 
Figure 11, which shows an overlay of land use and road cover
ages. The user is analyzing land use, area, and cost of the land 
area to be acquired along a road section to which a lane is planned 
to be added where the right-of-way was assessed and was found 
to be insufficient for the required widening. Figure 12 shows a 
map used for an analysis for land acquisition for bypass construc
tion as an alternativ~ to the addition of a lane. Figure 12 displays 
a three-dimensional map of land value in the proposed construc
tion area. The minimum land acquisition cost can be then searched 
for by analyzing the profile of the land value along several pos
sible routes. 

Figure 13 shows an enlarged part of an overlay of roads and 
the main water supply network. The purpose of this analysis is 
better coprdination between the timing of road repairs and planned 
installations and the repair of utility lines embedded under the 
roadbed. The results of this analysis can be fed back to the system 
as constraints on repair timing or used for communication with 
other public authorities. 

FIGURE 12 Three-dimensional map of land value in area of a planned bypass. 
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LOCATION OF MAIN WATER SUPPLY LINES 
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FIGURE 13 Coordination between timing of road repair and utility repair and installations. 

CONCLUSIONS 

The adaptation of GIS in highway management is promising and 
may vastly improve the quality of the decision-making process. 
This is particularly true since the problem is inherently spatial. In 
this paper an HPMS was coupled with a GIS. The resulting pro
totype system (HPMS-GIS) consists of (a) a spatial data base 
module that contains several spatial features of a selected study 
area, (b) an attribute data base module in which representative 
·descriptive data are stored, (c) an analysis module in the form of 
programs that perform general and specialized analyses, and 
( d) an output module that produces screen displays and hard cop
ies of the results of the analysis. Possible applications and advan
tages of the prototype HPMS-GIS were then explored. Results of 
a case study were also provided. 

The main advantages of the system can be summarized as fol
lows; 

1. The system can improve the quality and availability of rel
evant data that will positively affect the quality of the decisions 
based on them. 

2. The system makes it possible to extensively produce auto
matically generated maps for use in the different stages of the 
management process, starting with the preliminary analysis and 
ending with the display of the results and the preparation of re
ports. Because maps are easier to comprehend, this can be a basis 
for more sensible judgments and decision making and will be a 
means of gaining better support from high-level decision makers. 

3. The system's powerful spatial queries and its analysis and 
display capabilities allow for the interaction between the system 
and its end users for further analysis of outputs. This is a main 
requirement of an efficient DSS. 

4. The spatial integration of data can help users to consider 
diverse types of data in the analysis, which can enlarge the scope 
of the decision-making process. 

5. Consideration of more features surrounding the road can be 
given. This can result in better coordination between repair activ
ities and other directly or indirectly related activities. 
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