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3D ROAD MODELING VIA THE INTEGRATION OF

LARGE-SCALE TOPOMAPS AND AIRBORNE LIDAR DATA

Liang-Chien Chen* and Chao-Yuan Lo

ABSTRACT

Modern road systems have become complex networks with multiple layers, mak-
ing three- dimensional (3D) road modeling an important task in the geoinformatic
realm.  Although traditional topographic maps contain explicit planimetric networks,
they often lack sufficient elevation information to describe the vertical alignments in
multi-layer road systems.  In this investigation, we combine data from large-scale
topographic maps and airborne light detection and ranging (LIDAR) data to recon-
struct 3D road models.  The proposed scheme includes two steps: planimetric net-
working and surface modeling.  In the first part, road centerlines are determined then
linked up and their topologies organized using the polylines extracted from large-
scale topographic maps.  In the second part, a filter is utilized for the extraction of
road surface points from airborne LIDAR data.  The three dimensional alignment of
the profiles and cross-sections is then computed.  Furthermore, to improve the realism
of the road models, surfaces are constrained by continuities of slope and slope
difference.  There are three types of data included in the test data set: single-layer,
multi-layer, and interchanges between road systems.  In addition to the elevation
accuracy, surface continuity, slopes, and slope differences of the modeled roads are
also analyzed.
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I. INTRODUCTION

Three-dimensional road models are important
data sources in transportation, geoinformatics, and
many other areas.  In transportation applications, this
data describes the topology and its properties for de-
cision planning using linear referencing systems (LRS)
(Kiel et al., 1998).  Each road centerline is depicted
by a geometric segment, which begins from a start-
ing point to an ending point with linear features, arcs,
LRS points, etc.  Furthermore, those properties in-
clude traffic flow, pavement type, travel lanes, flow
direction, and so on.  One overpass crossing area may
simply use a pseudo-intersection to mark the position.

To enhance the versatility in data analysis, the three-
dimensional model is favored because it contains rich
shape information for roads.  In addition, from the
viewpoint of geoinformatics, true orthorectification
requires 3D road models for geometric correction (Zhou
et al., 2005).  This three-dimensional object provides
the possibility to determine the corresponding tex-
ture and to compute occlusion areas.  Therefore, this
investigation focuses on three-dimensional road sur-
face modeling to represent road segments.  To repre-
sent the physical conditions of roads, we maintain the
segment continuities in elevation, slope, and slope
difference.

Because they include road information, tradi-
tional topographic maps have been widely used in
transportation services and management.  As road net-
works have become more complex due to the rapid
development of transportation systems, single-layer
roads in the civil infrastructure have become multi-
layer ones.  As a consequence, although 2D plani-
metric data may be enough to describe single layer
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road networks, it is insufficient for more complex
systems.  For detailed 3D road modeling, road topol-
ogy and road network elevations need to be included.

During the last decade, a number of investiga-
tors have focused on different strategies to derive road
information.  Many data sources such as GPS data,
imagery, light detection and ranging (LIDAR) data,
and vector maps have been considered.  Some stud-
ies have used GPS data to locate the three-dimensional
road profiles by integrating INS information (Cannon,
1992) or deriving slope information (Han and Rizos,
1999).  Other studies have focused on pattern recog-
nition and geometric analysis to extract roadsides or
centerlines automatically from aerial images (Treash
and Amaratunga, 2000; Hinz and Baumgartner, 2003;
Dal Poz et al., 2004), satellite images (Yan and Zhao,
2003; Doucette et al., 2004; Karimi and Liu, 2004;
Yang and Wang, 2007), or airborne LIDAR data
(Clode et al., 2006).  Some, on the other hand, such
as Hu et al. (2004a) and Kim et al. (2004), have de-
veloped semi-automatic methods that are capable of
supplying more reliable network data using high-reso-
lution satellite imagery.  The semi-automatic ap-
proaches start with some manual seeds after which
template matching is employed for the extraction of
road centerlines.  For the automatic extraction of
roadsides, Easa et al. (2007) used high-resolution
images to derive the edge lines and geometric param-
eters of horizontal alignments with constrained im-
age processing.  Others have developed methods that
work based on the strategy of data fusion, for instance,
between aerial images and LIDAR data (Hu et al.,
2004b; Zhu et al., 2004).

From the mapping point of view, road elevations
are often regarded as a part of the terrain relief.  Zhang
(2003) photogrammetrically reconstructed and up-
dated 3D road networks by the integration of stereo
aerial photos and geodata.  On the other hand, in some
approaches, three-dimensional point clouds have been
used to reconstruct single-layer road networks.  Air-
borne LIDAR data contain a diversity of surface types,
such as bare earth, vegetation, buildings, cars, and
other artificial objects.  Some filtering technologies
have been developed to extract ground points for the
generation of a DEM (Sithole and Vosselman, 2004).
For multi-layer roads, bridges for instance, some used
additional procedures to locate overpasses (Sithole
and Vosselman, 2006).  Those bridge points were clus-
tered as regions with thresholds of slope and distance.
The detected areas were connected to the bare earth
on at least two sides and span landmasses.  In general,
roads which are regarded as parts of the bare earth
are assumed to be piecewise continuous.  We can now
use simple elevation thresholding to select road points
of single-layer systems using LIDAR data (Hu, 2003).
In this investigation, candidate road points were

extracted based on elevation and intensity information.
Airborne LIDAR data also contain near-infrared re-
flectance information (in general, the wavelength is
1064 nm).  Although the reflectance intensity of con-
crete and asphalt pavement is obviously different from
vegetation and water, elevation information is still
needed to separate buildings and concrete roadways.
Road centerlines can be delineated by Hough
transformation, and road models are reconstructed as
ribbons.  Akel et al. (2005) also assumed that roads
have continuous profiles.  They used the region grow-
ing technique to find segmented road points from
which the road geometry was then produced.

The strategy of data fusion has also been dis-
cussed in the literature.  For example, geo-database
and LIDAR data have been fused to generate 3D
roadways.  Hatger and Brenner (2003) computed the
geometry of road centerlines from a geo-database using
a DSM.  In their technique, the region growing tech-
nique is first used to detect the road areas, and then
the geometric parameters of the centerlines are cal-
culated from the segmented regions and the geo-
database.  Kada et al. (2004) used a geo-database to
segment road centerlines first.  Then they also regarded
road surfaces as parts of the bare earth and utilized a
DEM generated from LIDAR data to determine the
initial vertical curves of the centerlines.  The curves
were further smoothed by least squares adjustment
with a linear polynomial function.  The final road
networks represented 3D centerlines and boundaries.

Vosselman (2003) fused LIDAR data and cadas-
tral maps to reconstruct single-layer road models.  In
this method, road polygons are manually edited first,
and LIDAR points inside polygons used to generate
an initial road surface with a triangular irregular net-
work (TIN) structure.  The road surfaces are smoothed
based on the assumption of a road cross-section without
slope, curvature, or torsion.  Because road intersec-
tions are not taken into consideration, bridges appear
as embedded in canals.  Oude Elberink and Vosselman
(2006) focused on the reconstruction of multi-layer
interchanges using LIDAR data and topographic maps
with TIN models.  Overpasses can be detected by look-
ing at the different elevations of the road surfaces.

Integration strategy research, thus, seems to
show that topomaps and LIDAR data provide the most
straightforward way to construct accurate road
models.  Modeling results indicate that topomaps give
the precise location of roadways, while LIDAR data
includes elevation information.  Notwithstanding the
good results in terms of road modeling thus far
achieved, there are still many places where progress
could be made with large-scale roadways.  3D road
models might contain detailed information about
topology, road boundaries, and road surfaces, while
still maintaining the continuities of road profiles.
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Considering the way to better use, or add value
to, large-scale topomaps and airborne LIDAR data
when they are available, we strive to combine those
two data sets for 3D road modeling.  This investiga-
tion proposes an effective and practical approach to
generate road topology and shape information from
pieces of polylines and discrete point clouds.  For
geoinfrastructure, some countries may have archived
topographic maps with the roadsides and centerlines.
Whereas, other countries may have produced the data
set using the CAD approach, in which roadsides are
represented as piecewise polylines without preserv-
ing topology.  Some of those polylines may even have
crossovers or lack connections.  It is the purpose of
this investigation to combine the polyline method and
LIDAR data to model 3D road systems.  Shapelines
will be regrouped to build the topology and filter out
useless points above the road surfaces.  Road surfaces
are then generated while preserving continuities of
height, slope, and slope difference.  Note that it is
assumed that no change has occurred in the data
sources.  The generated models provide the possible
applications to 3D road services/ management and
geometrical corrections for remotely sensed images,
i.e., true orthorectification.

II. PROPOSED SCHEME

The main objective of this investigation includes
the building of road topology and reconstruction of
three-dimensional surfaces.  We assume that road sys-
tems maintain local characteristics in elevation.  The
proposed scheme can be divided into two major parts:
planimetric networking and surface modeling.  In the
networking, road centerlines are established using
pieces of roadside polylines, which are extracted from
large-scale topographic maps.  In the surface modeling,
a local-based approach is proposed to extract road
points from airborne LIDAR data in an efficient way.
The surfaces of each road segment are determined

initially and then further smoothed by iterative least
squares fitting.  The continuities of slope and sloped
change are also considered and checked.  Fig. 1 shows
a flowchart of the process.

1. Planimetric Networking

Traditional CAD-based topographic maps record
the planimetric geometry of the terrain data.  Roads
are represented as 2D polylines and may include
highways, arterial streets, local streets, traffic islands,
and so forth.  In large-scale topomaps, the civil infra-
structure can include all grades of roads with accurate
boundaries.  Unfortunately this kind of planimetric data
might be empty of some essential attributes, e.g., road
level and road topology.  Some roads may be so com-
plex that it is hard to determine their centerlines from
their borders directly.  For example, an intersection
can be described as having four separate roadsides, as
shown in Fig. 2(a).  In this step, one assumes that a
road section should have a pair of parallel road
boundaries, which have a reasonable roadwidth in large-
scale topographic maps.  However, in topomaps the
shape of each corner may be recorded as an arc mak-
ing it hard to determine the centerline.  A split and
merged process is utilized in this study to determine
the road centerlines and networks.  Further, cross node
creation processing is needed for intersections.

The proposed scheme determines the centerlines
using four thresholds including three angles and one
distance.  Road boundaries are first split into several
individual line segments with the angle threshold of
θ1 at the corners, as shown in Fig. 2(b).  In Fig. 2(c) it
can be seen that line segments along a roadside may
merge into complete polylines when they are close in
distance, dconnect, or within the second angle threshold

Topographic maps

Centerline determination

Road networking LIDAR data

Initial road modeling

Precise road modeling

3D road models

2D road
networking

3D road
modeling

Fig. 1  Proposed flowchart for 3D road modeling

(a) (b)

(c) (d)

Fig. 2  Networking of an intersection: (a) original roadsides,
(b) splitting, (c) merging, (d) determination of centerline
and cross node
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of θ2.  The value of dconnect to constrain the linking
candidates is dependent on a suitable roadwidth for
each crossroad.  The following process can be used to
determine road centerlines from pairs of approximate
parallel lines.  Finally, we use the third angle thresh-
old of θ3 to combine these centerlines into a road section.
The centerlines for a given intersection will be extended
to a cross node, as shown in Fig. 2(d).  Cross nodes
for ‘T’ shaped intersections will be also created.
However, an additional distance constraint is needed
to avoid an intersection between a dead-end alley and
a road.

Notice that cross nodes should not be created
for intersections with multiple road layers, such as at
an overpass.  At this type of location, the different
layers do not really intersect. In large-scale topological
maps, an overpass will separate the boundaries of an
underpass.  Thus, an overpass can be detected at lo-
cations where other centerlines (i.e., from an underpass)
can be connected to the original roadsides of the
overpass.  Centerlines for overpass-underpass inter-
sections have no cross nodes.  This process is designed
to generate 2D road networks where road centerlines
and roadwidths are recorded.  This study describes
each road segment with intermediate vertices on the
centerline and two roadsides, and those planimetric
intersection areas are recorded with nodes.

2. Surface Modeling

After 2D road networking, the elevations of the
road surface need to be included to reconstruct 3D
road models.  LIDAR data is an ideal source of accu-
rate height information.  The elevations of centerline
vertices are determined from neighboring LIDAR
points.  For ideal 3D road models, vertical curves and
cross-sections must be smoothed to maintain conti-
nuities in heights, slopes, and slope differences.
Three dimensional road modeling includes the fol-
lowing two steps: initial road modeling and precise
road modeling.

3. Initial Road Modeling

Although airborne LIDAR data contains a con-
siderable number of points, there is no targeting of
clear boundaries.  However, two dimensional road
networks can be utilized to determine points within
road areas.  In general, those regions are the open
space where an airborne LIDAR system can acquire
road data with rather good penetration.  Other object
points, such as vehicles or trees, may exist in road
regions, but a reasonable assumption can be made that
the number points inside a road area belong to the
road.  Because the road surface profile is smooth and
continuous, those road points should be located in a

certain elevation interval.  Therefore, the road points
may be extracted with a threshold.  In some extreme
situations, for instance poor LIDAR penetration due
to tree occlusion, road points may be insufficient.  The
point distribution then scatters in the elevation
histogram.  Two processes, i.e., surface fitting and
lowest elevation, are thus flagged to determine the
elevations of centerline vertices and roadsides.  The
workflow of the initial modeling is shown in Fig. 3.
To reduce the original data volume, LIDAR points in
road regions are extracted first.  Then points located
in a circular buffer area near the vertex of each
centerline are selected.  The elevation histogram is
computed and a percentage threshold for the point
number in the maximum group is utilized to decide
on the method to use to compute the elevation.

In the initial fitting process, the observations are
the discrete LIDAR points.  When the number of points
within the certain elevation interval is larger than the
threshold value, plane surface fitting can be employed
to determine the cross-sectional elevations.  Surface
fitting includes linear and quadratic polynomial func-
tions as shown in Eqs. (1) and (2), respectively.  The
unknown parameters are the s11 ~ s26.  These two
hypotheses are tested based on the analysis of the stan-
dard deviation after least squares fitting.  This indi-
cates that the small fitting error may lead to the better
cross-sectional curve.  On the other hand, when the
number of points is less than the threshold value, it
means that some off-terrain objects may have blocked
the LIDAR system during sampling, in which case the
lowest elevation is now directly assigned to the cross-
section.  In this study, the vertices on the centerline
and two roadsides are the three to characterize the el-
evation variation of a cross-section.  In the first case,
the cross-sections produced by the estimation of the
surface fitting might be flat or curved.  Therefore, there
may be different elevations used to express the char-
acteristics of the cross-sections of these three vertices.
In the second method, only flat cross-sections can be
obtained.  After this step, three along-track profiles
are generated.  Additionally, if data gaps exist in the

2D Road network

Data reduction

Elevation histogram

Maximum Number >
Threshold ?

Road surfacing Surface fittingLocally lowest point
selection

Initial road models

LIDAR data

NO YES

Fig. 3  Flowchart of initial modeling
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point clouds, some vertices may have no elevation and
one then may skip a step.  Those vertices will be treated
later.

S1(Z) = s11 + s12X + s13Y, (1)

S2(Z) = s21 + s22X + s23Y + s24XY + s25X 2 + s26Y 2

(2)

where X, Y, and Z are coordinates of the LIDAR
points; and s11 ~ s26 are parameters of the surface
function.

4. Road Model Refinement

In transportation engineering, geometric conti-
nuities of height, slope, and slope difference have to
be maintained for a road.  In this step, profiles and
cross-sections are smoothed to fit geometric conditions.
The flowchart for precise road modeling is illustrated
in Fig. 4.

One road section is defined as a road segment
between two nodes, i.e., the intersections.  Line fit-
ting is first performed for the centerlines and their
roadsides.  Since vertical profiles are designed as piece-
wise polynomial curves or straight lines, the least squares
method can be used to adjust the road elevations.  The
observations are then transformed from their position
coordinates (X, Y, Z) to mileages (Stations).  The line
fitting process can be implemented with one of three
mathematical models, i.e. linear, quadratic, or cubic
functions, as formulated in Eqs. (3), (4) and (5),
respectively.  The coefficients of optimal function for
each centerline and their roadsides are determined by
selecting the minimum standard deviation.  Those
vertices with incorrect elevations or empty values in
each vertical profile are also detected.  The fitting is

repeated, accordingly.  Some vertices of underpasses
near the upper layer may show wrong elevations in
the process of initial road modeling like Fig. 5(a).
After re-computation, Fig. 5(b) shows the modifica-
tion of the profile.

After the vertical alignment modification, the
cross-sections may become discontinuous in slope and
slope difference.  Therefore, each cross-section is sub-
sequently smoothed by surface fitting, i.e., Eqs. (1)
and (2), which includes their consecutive neighbor-
ing vertices of cross-sections each time.  Then, road
sections are formed in smooth profiles to maintain
their continuities.  However, a road section between
two intersections may be too long to be described by
low-order polynomial models, such as quadratic or
cubic functions.  Thus, pseudo nodes are created to
split road sections into sub-parts for individual
smoothing.  This procedure will separate a complex
vertical profile into a number of simple curves for
low-order polynomial fitting.  The smoothing process
starts from two nodes and converges on the middle
part of each segment.  Those elevations are fine-tuned
for intermediate continuities. Furthermore, the nodes,
i.e., intersections may still show discontinuity in terms
of slope and slope difference.  Surface fitting based
on their elevations is needed to maintain their continuity.
The elevations of centerlines and roadsides near the
nodes will be included in the smoothing process.  This
iterative process will end if the elevation change of
whole models is smaller than a tolerance.  In this way,
vertical profiles, cross-sections, and nodes are smoothed
alternately and iteratively to maintain their continuity.
Finally, precise 3D road models are determined, which
are represented by ribbons:

P1(H) = p11 + p12L, (3)

P2(H) = p21 + p22L + p23L2, (4)

P3(H) = p31 + p32L + p33L2 + p34L3, (5)

where p11 ~ p34 are parameters of the line function; L
is length of the road segment; and H is vertex height.

Initial models

Smoothing for vertical profiles

Smoothing for cross-sections

Smoothing for intersections

Convergence?

YES

3D road models

NO
(a) (b)

Fig. 4  Flowchart for precise road modeling

Fig. 5 Determination of road elevation profiles in multiple areas:
(a) before modification, (b) after modification
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III. EXPERIMENTAL RESULTS

The process was tested using data for single and
multiple layer road systems in Hsinchu City, in north-
ern Taiwan.  The areas for the three sites are 520*460,
1020*500, and 600*1400 m2.  Site I includes arterial
streets, local streets, traffic islands, and alleys in an
urban area.  Site II contains intersections between ar-
terial streets and highway interchanges.  Site III in-
cludes a three-layer highway interchange.  At this last
site, because of the designs for elevation or drainage,
the height difference between two roadsides along a
cross-section can be as much as 1.4 m.  Fig. 6 shows
images of three test areas.

The scale of the photogramtically produced to-
pographic maps is 1:1000.  They were produced in
March 2002.  They contain several feature layers, such
as buildings, roads, power lines, etc.  In Taiwan, road
boundaries are recorded as independent planimetric
polylines without topology or transportation attributes,
as shown in Fig. 7.  The LIDAR data was derived
from a Leica ALS50 system in September 2005.  The
flight altitude ranged from 1200 to 1500 m.  The la-
ser pulse rate was 70 kHz, and the point density was

1.73 points/m2.  The random error of laser points in
elevation is below 0.15 m (ITRI, 2006).  Fig. 8 de-
picts the original point clouds for the test sites.  For
the reduction of LIDAR data, points within road
boundaries, shown in Fig. 9, are selected for further
processing.

The road networking process includes splitting
and merging to determine roadsides, as well as
centerline determination.  An angle threshold θ1, for
instance 9°~15°, is first applied to split road bound-
aries into individual line segments.  Then, the thresh-
olds of dconnect and θ2, for instance 30 m and 6°, are
applied to merge the line segments into a continuous
roadside.  Any two approximate parallel roadsides
with a reasonable roadwidth, for instance larger than
3 m, are paired to determine the road centerline.  The
centerlines are further connected together within an-
other angle threshold of θ3, e.g. 6°, and their topolo-
gies established.  Those angle thresholds are referred
from the locally official rules of roadway design with
an assumed velocity, e.g., 50 km/hr.  During the con-
nection process, cross nodes will be created for in-
tersections but not overpasses.  The results of road
networking are illustrated in Fig. 10.  The rates of

(a) (b)

(c)

Fig. 6 Images of the three test sites: (a) site I (QuickBird Image ©Digital Globe), (b) site II (QuickBird Image ©Digital Globe), (c) site III
(Formosat-II Image ©NSPO/CSRSR)
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(a) (b)

(c)

Fig. 7  Road boundaries in the test sites: (a) site I, (b) site II, (c) site III
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Fig. 8  Perspective view of the original LIDAR point clouds: (a) site I, (b) site II, (c) site III (elevation units: meters)
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Fig. 9  Perspective view of LIDAR points within road areas: (a) site I, (b) site II, (c) site III (elevation units: meters)
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Fig. 10  Results of road networking: (a) site I, (b) site II, (c) site III
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successful automatic road network reconstruction for
the three areas are 98.1%, 98.7%, and 100.0%.  The
commission error and omission error in those cases
are lower than 1.3% and 1.8%, respectively.  The re-
sults are shown in Table 1.

Among the rare incorrect networking, Fig.
11(a) illustrates an example that we fail.  The unreli-
able results come from the assumption that the road-
sides are parallel.  Notice that the complex roadsides
are beyond our assumption.  Fig. 11(b) illustrates the
correct one after manual editing.

After 2D road networking, LIDAR road points
are incorporated to provide height information for 3D
road modeling.  A threshold for the maximum eleva-
tion histogram is used to determine which method will
be used for road surface initialization, i.e., either sur-
face fitting or lowest point selection.  The radius of a
buffer circle is set to be half the roadwidth.  Based
on the experience, this percentage threshold of eleva-
tion histogram of initial road modeling would be 30%.
The reason is that the space interval of the along-track
vertices is densified to 0.5 m.  Those local slopes of
the vertical profiles are assumed to be less than 45°,
i.e., the elevation change is smaller than 1.5 m.  Since
the slope of a road is seldom larger than 45°, the thresh-
old is a reasonable value that adapts for general
applications.  Possible interference could be the pres-
ence of dense vehicles that make the point clouds

deviate from the road surface.  This could lead to un-
reliable results.  For more precise road modeling, the
spanning distance between pseudo nodes is set to be
200 m, according to the rules of roadway designs.  Next,
the vertical profiles, cross-sections, and intersections
are smoothed according to either height difference or
iterative times.  Fig. 12 shows the reconstructed 3D
road models.

To evaluate the reconstructed road models, ref-
erence LIDAR road points are extracted manually.  The
normal height differences between the reference
points and the reconstructed surfaces are compared
to calculate the relative error assessment.  The index
of modeling error is expressed as the root mean square
error (RMSE).  The RMSEs for the three sites are
0.11, 0.12, and 0.13 m.  Those values indicate that
the iteratively local approach may lead to modeling
errors within the range of random error of the raw
data.  Fig. 13 shows a scatter plot of the RMSE for
each road section in the three test sites.  The slopes
and the slope differences of the intersection points
for the reconstructed road models are also examined.
Their histograms are shown in Fig. 14.  Most of the
slopes and the slope differences are less then 6% and
3%, respectively.  This indicates that the reconstructed
road models meet the rules of roadway design and
that slope and slope difference continuities are
maintained.  In addition, the geometries of along-track

Table 1  Road networking results

Site I Site II Site III

Number of generated centerlines 110 149 18

Committed 1 2 0
Number of incorrect centerlines

Omitted 2 0 0

Successful reconstructed rate (%) 98.1 98.7 100
Commission error (%) 0.9 1.3 0

Omission error (%) 1.8 0 0

(a) (b)

wrong centerlines

Fig. 11  Built centerlines: (a) incorrect centerlines at a traffic circle and for narrow roads, (b) after correction
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Fig. 12  Three-dimensional visualization for generated 3D road models: (a) site I, (b) site II, (c) site III (elevation units: meters)
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Fig. 13  Modeling error (RMSE) for each road section: (a) site I, (b) site II, (c) site III
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profiles and cross-sections are also checked at the
intermediate vertices.  Those histograms are illustrated
in Fig. 15 and Fig. 16.  The two figures show the mod-
eling results, which have reliable slope and slope dif-
ference consistent with urban roads and interchanges.
It is worth notice that Fig. 16 indicates the obvious
slope change of the superelevation of interchanges.

IV. CONCLUDING REMARKS

Under the assumption that no changes have
occurred, we propose an integration strategy for 3D
road modeling from large-scale topographic maps and
airborne LIDAR data.  A 2D road network is derived
from the road boundaries on topographic maps.  The
basic components are road segments with two inter-
sections and several intermediate vertices.  In the
modeling process, road surfaces are initialized from
the raw LIDAR data.  The profiles of each segment,
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Fig. 14 Histograms of slope and slope difference of intersections:
(a) site I, (b) site II, (c) site III
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Fig. 15 Histograms of slope and slope difference of along-track
profiles of intermediate vertices: (a) site I, (b) site II, (c)
site III

one centerline and two roadsides, are then smoothed
with low-ordered polynomials.  Then an iteration is
done to preserve the surface continuities in elevation,
slope, and slope difference, based on the rules of road-
way design.

Three test sites, which include arterial streets,
traffic islands, alleys, and multi-layer highway inter-
changes are used to validate the proposed scheme.
According to the experimental results, the successful
reconstruction rate for planimetric networks is more
than 98%.  The 3D road modeling accuracy for the
three test sites reaches 0.11 ~ 0.13 m.  In addition,
the modeling results indicate that the sequential ap-
proach reaches an error, which is within the random
error of the raw data.
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