
TRANSPORTATION RESEARCH RECORD 1260 91 

Computer-Based Model of Pavement 
Surfaces 

CARL HAAS AND CHRIS HENDRICKSON 

In order to facilitate the effective monitoring, testing, mainte
nance, and rehabilitation of pavement surfaces, a general model 
of pavement surface characteristics suitable for a wide range of 
applications is being developed. The surface model can include 
multiple types of sensor information, provides methods to inte
grate differing sensor data, incorporates multiple surface char
acteristics, supports automatic extraction of characteristics, pro
vides different levels of surface model abstraction, and represents 
characteristics at different levels of spatial aggregation. With such 
a representation model, the development, implementation, and 
integration of improved sensors, management aids, and robot 
effectors could be considerably simplified. Although the primary 
applications of the model are to pavements, the model could be 
used for other constructed surfaces. 

Maintenance and rehabilitation of pavements in the United 
States alone requires over $17 billion a year (J). This money 
is spent on a cycle of condition data acquisition, management, 
and work activities. The substantial resource costs involved 
have motivated the development of automated methods for 
acquisition of surface information, and for using surface char
acterizations for management or for automated maintenance 
and rehabilitation. Automated data acquisition can provide 
better quality data at less cost than conventional methods, 
and superior d;;ta can be used to improve management deci
sion making. However, the manipulation of surface obser
vations and the representation of surfaces to date are typically 
ad hoc and narrowly focused. Competing firms and agencies 
have developed separate and incompatible representation 
schemes. It is the premise of this work that a general standard
ized surface model could be extremely beneficial to the devel
opment of automated systems for characterization, manage
ment, and surface work. In effect, deriving a general 
standardized surface representation using the model would 
be the function of data acquisition, and the model would then 
be available for a multitude of purposes including manage
ment decision making and robot control across a wide range 
of applications. 

Standardized representation models have been found to be 
useful in a broad range of computer based applications. For 
example, IBM's mathematical programming system (MPS) 
format has been widely used to represent and communicate 
linear programming problems among different computers and 
applications programs. In computer science, numerous stan
dard representations are used, such as the instruction set pro
cessor notation language (ISPS) for central processors or 
the processor memory switch (PMS) notation to describe 
hardware architectures (2). In electrical engineering, stan-
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dardized descriptive models exist that provide machine
readable representations of applications such as the layout of 
large scale integrated circuits; an example is the Caltech Inter
mediate Form to describe graphic items of very large scale 
integrated (VLSI) circuits (3). A recent example of a useful 
two-dimensional standardized representation model is the 
Postscript language to describe documents (4). Numerous 
document production and word processing programs will pro
duce files in Postscript; and, similarly, numerous printers will 
accept files formatted in PostScript. In each of these cases, a 
standardized representation language has greatly aided the 
development of application modules and hardware. 

The model described here is intended to serve as a general, 
standardized way to characterize and represent pavement sur
faces. It could significantly improve data quality and process 
productivity through its surface representation and the uni
fication and automation of key characterization procedures. 
For management applications, the improved data quality can 
result in more effective maintenance and rehabilitation strat
egies, thus decreasing life cycle costs. The model could also 
be useful for automatic substance recognition and its repre
sentation will be useful for planning machine actions; both 
are useful functions for tasks such as crack filling, patching, 
and grinding. 

The recent introduction and improved availability and capa
bility of new sensing technologies, such as laser distance sen
sors and video image analysis, has increased the range and 
magnituc.~ of surface data available. It is clear that new meth
ods are required to process and store this data. Repre
sentations and methods of analysis to date have been ham
pered by severe computing restrictions. The data structure 
size and the processing required by the model described here 
can be handled with the advent of affordable, large-memory, 
and multiprocessor desktop system~. Engineering worksta
tions now exist with several megabytes of dynamic memory 
and the capability of adding additional processing boards for 
special functions. An additional factor motivating develop
ment of the model is the requirement imposed by several 
prototype systems for improved surface representation. For 
example, several prototype knowledge-based systems that have 
been developed for condition diagnosis (5-7) and project 
level rehabilitation and maintenance design (8, 9) require the 
detailed information contained in the representation model. 

The general pavement surfaces model and its implemen
tation are discussed, then to illustrate its use one key appli
cation of the model is described. Before the model is described, 
the requirements of the model are considered. In essence, the 
model must produce a better description of pavement surfaces 
than what is currently available. In doing so, it must exceed 
the levels of efficiency and usefulness exhibited by existing 
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alternatives. Functionally, the model should meet the follow
ing requirements: 

•Integrate information from multiple sources; 
• Represent the surface using descriptive, accurate, and 

useful characterizations; 
•Support representations at different levels of abstraction; 
• Support different levels of spatial aggregation and 

characterization; 
• Maintain well-defined spatial relationships among surface 

characteristics; 
• Support quick access to surface characteristics; 
•Store data efficiently; 
•Support efficient and effective feature extraction; and 
•Be t:asy lo understand and apply. 

This model has been implemented in the form of a software 
kernel, or tool kit. The implementation language is C+ +, 
an object-oriented language that is well suited to the purpose. 
The development environment has been UNIX. The kernel 
includes an interface to a relational data base management 
system (DBMS) that can be used for management of the large 
amounts of information . The kernel includes data manipu
lation, graphics, and basic interface software. Applications 
software for specific demonstrations is built using the kernel 
and application specific routines. The use of a software kernel 
establishes the general applicability of the model. The kernel 
should also be available and will be useful for other appli
cations projects. 

OVERVIEW 

The general pavement surfaces model shown in Figure 1 is 
the combination of a surface representation and the process 
of deriving it. The surface representation includes character
istics at various levels of abstraction and aggregation. On the 
basis of this definition, derivation of the representation is 

sensor data 

' 
surface ..... ... characterization 

representation -.. .... (process) 

,, 
surface 

description 

the model 

·~ 

applications 

FIGURE 1 Standardized pavement surfaces model. 
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termed "characterization." Characterization consists of two 
basic operations-data fusion and data structuring. Common 
data structures support characterization and facilitate the sur
face representation, and in this way unify the elements of the 
model. 

The model assumes that pavement surfaces are of two and 
one-half dimensions, so that pavement depth and deflection 
information can be included. This assumption implies that all 
significant parts of the surface are visible from directly above 
and therefore pavement surfaces can be described spatially 
with depth as a scalar component. Surfaces are represented 
by characteristics at different levels of aggregation or spatial 
extent. Three levels of characteristics are defined as follows: 

•Properties-measured directiy or derived from mher 
properties, 

• Features-derived from properties and other features, and 
• Regions-aggregations of sets of features and properties. 

The two basic operations in characterization can be defined 
as (a) data fusion, which is the process of combining existing 
data into a new datum, and (b) data structuring, which is the 
process of linking and integrating existing data. As an exam
ple, feature extraction implements fusion and structuring at 
the higher levels of abstraction and aggregation. Property and 
feature information including gray level, texture, and range 
data can be fused and then structured using feature extraction 
algorithms into features distinguishing new from filled pavement 
cracks. 

The fusion and structuring procedures forming the char
acterization process are unified through a common data 
representation that also serves to describe the surface. The 
representation contains primarily two data structures, a grid, 
which supports sensor data structuring :rnd early fusion proc
esses, and a multilayer surface quadtree, which is used to 
relate properties and features in a framework useful for fea
ture extraction and for applications. The multilayer surface 
quadtree has advantages over other surface descriptions. It is 
compact because of its hierarchical structure and is unified 
because its nodes create a useful parallelism among surface 
characteristics. Each node is a data structure, with slots for 
each property and feature in a quadrant and with values for 
each slot. Descriptions of features or unchanging properties 
spanning a wide area of the surface may be contained in higher 
nodes and propagated down the tree to access information at 
any level, including points. For example, Figure 2 shows a 
hierarchical representation of pavement depression and cracking 
information. In their final state, each quadrant encompasses 
an area in which the property or feature value is relatively 
constant. 

A fundamental assumption of the model is that sensor data 
measurements can be mapped to points in a common two
dimensional grid pattern in cartesian coordinates. Measure
ments from different sensors can be referenced to a common 
point and thereby be related to each other. The grid thus 
becomes the most basic common structure by which the data 
are unified. The grid also serves another purpose. Each point 
in the grid has properties associated with it. Through pro
cessing, these properties give rise to more abstract surface 
characteristics stored in the quadtree, as described in the fol
lowing paragraphs. 
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FIGURE 2 Multilayer surface quadtree. 

SURFACE CHARACTERISTICS 

Data are stored at different levels of surface aggregation and 
abstraction in the model. The levels defined include regions, 
features, and properties. 

Properties 

Properties are values associated directly with a grid point. A 
point property is defined as the value of a phenomena mea
sured or calculated at a point in the xy grid. Point properties 
may include 

•Elevation-the depth (i.e., distance in the negative z 
direction) of a point with respect to an xy reference plane 
above the surface. 

•Color-the intensity of the red, green, and blue spec
trums of light sampled at a point on the surface. 

•Gray level-the intensity of a pixel in a monochrome 
video image. 

•Infrared level-the degree of infrared radiation detected 
at a position on the surface. 

•Electromagnetic potential-the magnitude and direction 
measured at a point on or just above the surface (useful for 
detecting subsurface reinforcing bars, for example). 

A local property is defined as a value measured or calcu
lated about and centered on a point in the xy grid. Examples 
of useful local properties include 

•Gradient-calculated for elevation, gray level, color , or 
even other local properties. 

•Texture-the phenomena of globally repetitive surface 
elements. 

•Edges-an edge is the boun9ary between two different 
areas. Points on the grid can be identified as edges through 
simple gradient thresholding operations or by more complex 
means. 
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•Friction-measured usi ng regular rubber ti res, for 
example. 

Features 

A feature is defined as a spatial attribute of the surface that 
helps to characterize it. f eatures arc associated with areas of 
the surface. In the model, they form the primary descriptions 
of the surface though they can be grouped or formed into 
regions for specific applications. A representative list of pos
sible features includes 

• Material type-such as asphalt mixtures and concrete 
types. 

•Cracking-an area with one or more cracks identified 
can be described as cracked. 

• Rutting-a longitudinally depressed area in the path of 
the wheel track. 

•Raveling-the loss of surface aggregate in an area. 
• Flushing-where excess asphalt has been flushed to the 

surface. 
•Shoving and rippling-areas shoved by slowing or accel

erating vehicles. 
• Patching-an area that has been covered over or filled , 

usually with asphalt. 
•Potholing-an area has this feature if it is part of 

the hole. 
• Depression and swelling-a downward or upward bulge, 

respectively, in the pavement surface. 
• Strength-derived from deflection. 
• Histogram distribution-a function giving the frequency 

of occurrence of property values. 
•Frequency spectrum-can be calculated for elevation or 

gray level across an area. 

This is by no means a comprehensive list. Also, it should 
be noted that road distress features are often classed by sever
ity and density. These two factors can be easily integrated in 
the model. For a thorough definition of pavement character
izing features, see the AASHTO pavement design guide (10). 

Regions 

A region is defined as a continuous area of a set of features 
and/or properties. Regions can be areas of hypothetical con
dition and cause pairs , areas of a particular condition, or areas 
where a set of features is relatively constant, such as areas of 
a type of material or substance. Regions can be derived using 
manual, algorithmic, or knowledge-based processes. 

THE GRID REPRESENTATION 

The grid is the basic common structure by which sensor data 
are unified . It is an array of points laid out in a rectangular 
pattern in an xy reference plane. The plane is normally located 
above the surface and its orientation is arbitrary. The space 
between the points along either axis is the same , but the 
number of points along either axis is variable as well as the 
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magnitude of the space between the points. The dimensions 
of the grid should be chosen so that all sensor data can be 
associated in a one-to-one mapping with points on the grid
so that no two datums from one sensor can be mapped to the 
same grid point. This condition is satisfied if the data type 
with the highest spatial resolution is used as a basis for the 
grid dimensions. The highest will often be digitized image 
data. 

The definition of the grid ignores sensor performance in 
terms of spatial resolution, range resolution, scanner position 
accuracy, and dynamic range. Instead, these factors are con
sidered in the measure of variance associated with each sensor 
that may be used for sensor fusion . Spatial and range reso
lutions should be considered when configuring a sensing sys
it:m fur iht: iask al ham.l. Tlit: g1id modd is concellied only 
with the fact that sensor measurements are centered on points 
and that these points can be related to a common rectangular 
grid. 

THE MULTILAYER SURFACE QUADTREE 

Quadtrees are a regular, symmetric, recursive decomposition 
of a plane into homogeneous areas. Their focus on interesting 
subsets of the plane results in efficient representation. This 
efficiency and their hierarchical nature facilitate efficient pro
cessing for image data processing, including set operations. 
The fusion and feature extraction operations included in the 
pavement surfaces model are in a large degree composed of 
set operations. The major applications of quadtree technology 
to date have been cartographic data systems, VLSI circuit 
layout, and image compression (11). Although many of the 
fundamental objects and algorithms developed for carto
graphic applications in particular are useful for the pavement 
surfaces model, the multilayer quadtree is a significant 
departure from practice. 

The single quadtree for a binary valued feature such as 
material type can be visualized as an upside-down tree shaped 
like a pyramid with branch nodes which are black, white, or 
gray. At any level on the tree, if all of the areas below the 
level contain (or do not contam) the feature, then the node 
at that level is black or white; that is, it does or does not 
contain the feature, correspondingly. If the areas below are 
both black and white, then the node at that level is gray; that 
is , areas below may contain the feature. At the grid point 
level , a point and the area about it either are associated with 
the feature or are not. Construction of the quadtree may 
proceed from the grid point level upward if features have 
been derived at that level, or it may proceed from the highest 
aggregate level of the grid on downward if features are recur
sively detected within quadrants. In practice, construction 
may be a hybrid depending on the feature extraction control 
strategy. Extensions to discrete valued variables are possible. 

To permit efficient characterization of pavement surfaces 
and to provide a useful representation for applications, it is 
necessary to closely relate features and properties spatially 
and to access related characteristics quickly . This is a require
ment for both the data fusion and data structuring operations 
that form feature extraction, and it is required for applications 
such as pavement condition diagnosis where features must be 
compared and related spatially in order to draw conclusions. 
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The solution is to merge the single quadtrees into one multilayer 
quadtree (Figure 2). 

In order to understand the relationship between the mul
tilayer quadtree and feature extraction, an example may be 
useful. To extract the feature "fatigue cracking,'' the char
acteristics rutting, strength, and cracking might be used. These 
characteristics may be found in the multilayer quadtree as slot 
values (numeric values rather than the gray or black slots 
described earlier) in a quadrant's node. The slot values are 
datums that are combined by the feature extraction algorithm 
into a new datum that represents fatigue cracking. This pro
cess is data fusion. Relating the new feature, fatigue cracking, 
to an area of the surface is achieved by inserting its value into 
a new feature slot. The structure of the multilayer quadtree 
relates the fatigue cracking feature spatially to the other char
acteristics. The insertion of the value "fatigue cracking" is 
data structuring. The process of feature extraction is made 
more efficient by permitting quick access of comparative datums 
because of the tree structure and because the fusion process 
is achieved at the highest level of aggregation possible (i.e., 
where the values of both characteristic datums are black and 
white). This condition is used to make applications such as 
local diagnosis more efficient also. 

THE STRIP QUADTREE 

The quadtree representation of the pavement surface must 
be functionally continuous. In practice, functional continuity 
means that for a section of road perhaps as much as 1 km 
long, its representation should consist of a single unified data 
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FIGURE 3 The strip quadtree. 
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structure, a data indexing scheme, or a combination of these 
two. Also, quadtree algorithms should work without modi
fication over the entirety of the structure. For a square area 
such as that selected for automated surface work (or even for 
a large rectangular area like a building wall or parking lot), 
the structure would be a standard multilayer quadtree with a 
single root. For a pavement section, or an area shaped like 
a strip, when individual quadtrees grow to fill the width of 
the pavement section they may be linked to a larger quadtree 
having many blank nodes, or through a transition mechanism 
into a binary type tree along the length of the section with a 
single root for the section. Alternatively, the top quadtree 
nodes can be overlapped so that each quadrant can have one 
parent but two root nodes (Figure 3). The root nodes, their 
substructures, and their position on the grid along the section 
can then be stored in a table for subsequent access to the 
condition data. This latter approach to linking the quadtree 
quadrants along the pavement section is used to implement 
functional continuity. The resulting structure is called the strip 
quad tree. 

An implementation issue of key concern is information 
management. This issue includes management of raw sensor 
data files and the permanent storage and retrieval of quadtree 
surface representations. To achieve the latter, the structure 
of the quadtree must be retained in memory. To do this , 
quadtree representations can be broken up and stored in reg
ular files. Access to section data by area and by level of 
aggregation is facilitated by this stored structure and a table 
of index and address information. Quadrant files can be ordered 
by their grid addresses. Each quadrant data file will have its 
section address, section, file name, and other associated data 
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stored in a table. This table , and a table for sensor data 
arranged into files with associated addresses, can be imple
mented in a relational DBMS (12) (Figure 4). In the first 
relation, the grid coordinates are the key. In the second, the 
sensor data view file name is the key. Grid coordinates link 
the tables as they do other components of the model. Access 
to information concerning a section of road that has been 
characterized using the multilayer quadtree representation is 
thus made possible at various levels of aggregation and by 
area. Automated applications such as condition assessment 
and maintenance selection can be constructed on top of this 
kernel facility. Direct user requests for information are pos
sible, too. This facility could also be implemented within an 
existing pavement management data base system, so that con
dition estimates and maintenance and rehabilitation activities 
can be related as well. 

sensor data DBMS table 

sensor data 
filename x_start x_end y_ start y_end 

section 
name 

multi-layer quadtree data DBMS table 

~uad data 
ile name x_start x end y y end 

section 
start name 

FIGURE 4 Information access tables. 

FIGURE 5 Pavement image data. 
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Pavement management systems are a typical application rely
ing on surface characterizations. Although numerous exam
ples of pavement management systems exist (13,14), no gen
eral surface representation exists that provides a vertical, 
automated, common link between data acquisition systems 
and pavement condition reporting systems for maintenance 
and rehabilitation prioritization. The general pavement sur
faces model can act as this link. Surface features like cracking, 
rutting, roughness, and strength can be derived using the 
model and reported at any degree of aggregation. Using the 
strip quadtree, the model can even be used to calculate aggre
gate pavement condition indexes for whole sections of 
pavement. 

A simple demonstration of this type of application is to use 
the model for information integration, surface characteriza
tion, and condition reporting. For example, correlated data 
are available from the Komatsu Automatic Pavement Distress 
Survey System (15), among others. The data are based on an 
approximately 1-mm-square grid. Digital image data are pro
vided in a 4-m scan width across the pavement (Figure 5). 
Automatically recognized crack data derived from the image 
data are provided in vector format based on the grid. Rough
ness data are provided approximately every 10 cm, and rutting 
data approximately every 5 cm. Some road use data are also 
provided. Although the data available are sufficient for dem
onstration purposes, it would be desirable also to have fric
tion, deflection, and detailed road use data. 

A representative set of the data described is being inte
grated using the pavement surfaces model, and the model's 
representation is being used to characterize and assess the 
condition of the pavement sections concerned. The repre
sentation bounds are presented in Figure 6. The lowest level 
of aggregation is 0.5 m7 for the cracking data. This corre
sponds to the fourth level of the quadtree from the top. The 
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FIGURE 6 Pavement surface representation. 

rutting data are averaged and at their lowest level represented 
for every 2.0 m square, or the second level of the quadtree 
from the top. The roughness data are derived for every 4.0-
m square, or for each root of the strip quadtree. These three 
surface characteristics could be represented in more detail 
with the strip quadtree structure. However, the low bounds 
of aggregation chosen seem reasonable. Extension down to 
the basic grid level of 1 mm square is possible if more detailed 
modeling is required. Road use data can be stored in a global 
context structure. Surface conditions such as fatigue cracking 
can be derived from the spatial intersection recorded in the 
quadtree of the characteristics described. After including such 
derived surface conditions in the representation, maintenance 
actions can be selected automatically. Accurate pavement 
condition index values can also be derived using this repre
sentation, and for sophisticated applications such as deteri
oration modeling, the percent of road surface covered by a 
condition can be calculated. 

CONCLUSIONS 

A general model of pavement surfaces has been described. 
The model can include multiple types of sensor information, 
provides methods to integrate differing sensor data, incor
porates multiple surface characteristics, supports automatic 
extraction of characteristics, provides different levels of sur
face model abstraction, and represents characteristics at dif
ferent levels of spatial aggregation. Surface characteristics are 
represented as properties, features, and regions. They are 
unified through a common grid structure. A multilayer quad
tree is constructed on top of the grid. It supports information 
integration and automated surface characterization, and it 
provides surface descriptions suitable for a wide range of 
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applications. A unique strip quadtree construct is used to 
represent nonsquare pavement surface areas for functional 
continuity. 

A software kernel implements the pavement surfaces model 
and is closely linked with a relational DBMS. Applications 
software can be produced using the kernel as a tool kit. The 
model is being applied to several problems for demonstration 
and evaluation including (a) automated pavement distress 
identification and analysis, and (b) automated pavement 
maintenance (16). The model's advantages in data integra
tion, data compression and processing, data storage and 
retrieval, and automated work planning are being investigated 
in these applications. 

With the pavement surfaces model, the development, 
implementation, and integration of improved sensors, man
agement aids, and robot effectors should be considerably 
simplified. 
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