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A Distinctive Conceptual Data Model for Spatial Highway

Information Systems
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Summary: This paper presents a new approach
to the conceptual data modeling of 3-D spatial
highway information systems. It is shown; the re-
vealed problems of current systems are mainly re-
lated with insufficient modeling possibilities of
GIS. In order to establish a more generalized ap-
proach, highway administrations of various
countries are analyzed namely; Turkey, Denmark,
Germany and the U.S.A. In this context, after
reporting the current status, the identified prob-
lems are going to be highlighted. Deficiencies are
apparent; being information gaps at the technical
and administrative flow and various non-integrat-
ed conceptual data models. In particular, the for-
mal data model design methodologies and the
multi-dimensional spatial character of road ob-
ject are lacking. A special interest is going to be
paid into topology related problems, which are
also related with inadequate handling of multi-
dimensionality. The approach presented here ba-
ses on the decomposition of geometry, topology
and thematic data. The designed concepts are suc-
cessfully implemented using the integrated ap-
proach in one object-relational system and results
are evaluated on a pilot project.

Zusammenfassung: Ein eindeutiges konzeptionelles
Datenmodell fiir 3D-Strafen-Informationssyste-
me. Diese Studie stellt einen neuen Ansatz fiir ein
konzeptionelles Datenmodell von 3D-Strallen-
Informationssystemen vor. Es wird gezeigt, dass
unzureichende Modellierungsméglichkeiten von
GIS-Systemen viele Probleme aufwerfen. Um ei-
nen verallgemeinerten Ansatz zu begriinden wur-
den die StraBendatenbestinde aus vier Landern
analysiert: der Tirkei, von Didnemark, Deutsch-
land und den USA. Nach der Dokumentation des
Ist-Zustandes und der Analyse wurden offen ge-
bliebene gemeinsame Probleme herausgearbeitet.
Einige Mingel betreffen Informationsliicken im
technischen und administrativen Ablauf, auf-
grund der verwendeten nicht integrierten konzep-
tionellen Datenmodelle. Insbesondere fehlen for-
male Datenmodellierungs- und Design-Metho-
den, was zu Problemen beim Modellieren eines
mehrdimensionalen rdumlichen StraBenobjekts
fiihrt. Von speziellem Interesse sind die auf die
Topologie bezogenen Probleme, die ebenfalls mit
der unzuldnglichen Behandlung der Mehrdimen-
sionalitidt zusammenhédngen. Daher wird bei der
Datenmodellierung eine Trennung in geometri-
sche, topologische und Sachdaten-Objekte vorge-
nommen und konsequent weiterbehandelt. Die
entworfenen Konzepte werden erfolgreich auf ein
Objekt-bezogenes Datenbanksystem abgebildet,
installiert und an praktischen Daten analysiert.

1 Introduction

The Geographic Information System-
Transportation (GIS-T) is identified having
the highest information technology payoff
potential by the highway administration,
since this technology can be used as a logical
and physical data and method integrator ne-

cessary to the highway sector. Due to such
benefits, this technology is highly appreciat-
ed and widely implemented. Conversely, the
wide spread usage in the world-wide acce-
lerate the identification of problems, limita-
tions and inadequacies of the current sys-
tems. In order to achieve a wider perspective
and highlight the current situation within
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highway agencies, the study is conducted at
four countries namely; Turkey, Denmark,
Germany and the U.S.A. (DEMIREL 2002).
Concentration is mainly given to the follow-
ing topics; organization structure, user re-
quirements, spatial data acquisition techni-
ques, system architecture, existing informa-
tion systems and the conceptual data mo-
dels. During the study, it is examined that,
many benefits of GIS technology are not re-
cognized, demands of the organization can-
not be fulfilled and the efficiency of spatial
technology is mainly under estimated. Even
in some situations existing systems have not
been updated since the system implementa-
tion.

In the frame of this paper the current prob-
lems of spatial highway information system
is clearly outlined. Within these, problems
related with topology and the inadequate
handling of multi-dimensionality is going to
be emphasized. In order to diminish the cur-
rent problems, to provide the required inte-
grity and the efficiency, a new conceptual
data model is going to be introduced, which
ensures integration of all relevant data and
business operations for the entire agency.
Furthermore, the multi-dimensional road
information, using a non-planar approach,
is successfully modeled. The designed con-
cepts are implemented on a pilot project and
results are discussed.

2 Current Status

Highway administrations, being one of the
major governmental organizations, provide
services and coordination at a national and
international level to ensure the mobility of
people and goods. This complex mission re-
quires diverging tasks to be accomplished
by means of various methods, depending
upon required generalization level and qua-
lity of information. At the current status,
responding various user requirements sepa-
rately, such as pavement information sys-
tem, tunnel information system or traffic
safety information system, reveals the com-
monly used approach. However, several de-
ficiencies are apparent; being information
gaps at the technical and administrative

flow, various non-integrated conceptual da-
ta models, lack of formal data model design
methodologies and problems with modeling
multi-dimensional spatial character of road
object. Since the data used by the highway
agency mainly have spatial character, sever-
al additional problems emerge. The spatial
data acquisition requires the highest efforts
and costs, due to the high level necessity of
completeness, actuality, correctness and
well-defined data structure (BiLL 1999). The
parallel usage and maintenance of several
systems, requires collection, modeling and
maintenance of spatial information redun-
dantly, increasing the costs of the imple-
mented systems and reducing the efficiency.
Although, the well-defined data structure is
obligatory, conceptual data models of the
implemented systems are not formally desig-
ned and documented. Software vendors’
proprietary databases are used for storing
spatial information. Other information
sources, such as existing databases, are then
linked to the system as non-spatial informa-
tion. However, due to the nature of road
object, these sources include multi-dimen-
sional spatial information. Road informa-
tion can be 1-D (linear referencing systems),
2-D (planar coordinates), 3-D (planar coor-
dinates and height information) and 4-D
(time in case of dynamic objects) depending
on the usage. The road object is associated
with three different referencing systems
illustrated in Fig. 1.

Excluding the planar coordinates, other
dimensions, which have implicit references
such as road identifier, name, stationing val-

A4

Fig.1: Reference Systems.
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Tab.1: A Sample Text.

FEEC] ClEES (PFrb) Fro(\TNI\}l(())de T(()N';l&d)e S'i;(t)lr:n St;t?on Length | 118 | Type | Radius | oo
B2 | B | 46 | 3347012 |3347010| O | 84 | 3028 G| o 0
B2 | B | 46 | 3347012 |3347010| 84 | 208 | 3028 | R | R | 600 | O
B2 | B | 46 | 3347012 |3347010| 208 | 455 | 3028 G| o 0
B2| B | 46 | 3347012 |3347010| 455 | 575 | 3028 | R | R | 350 | o
B2 | B | 46 | 3347012 |3347010| 575 | 597 | 3028 | R | A | 80 | 350
B2 | B | 46 | 3347012 |3347010| 597 | 617 | 3028 G| o 0

ue, gradient value, are considered as non-
spatial information. This approach conclud-
es several problems during the system main-
tenance, since road object is subject to
change. Redundant information storage
and mismatch of information is common.
Furthermore, although generally relational
databases are in usage, fundamental prin-
ciples of database design are lacking. A
sample used in a spatial highway informa-
tion system is presented in Tab.1, which
contradicts to the second normal form.
The current data modeling approaches
are not sufficient to appropriately model the
spatial information. Even though these ap-
proaches are highly expressive, they present
limitations to the adequate modeling of spa-
tial information, since they do not include
geographic primitives that would allow for
a satisfactory representation of spatial data
(BorGEs 2001). Furthermore, these geomet-
ric primitives are not sufficient to realistical-
ly model the real-world road phenomena,
such as clothoid. In case of dynamic trans-
portation phenomena and facilities, the user
requirements in 3-D and 4-D cannot be ade-
quately responded. Although the basic phi-
losophy of the most GIS approaches is dis-
crete handling of geometric and thematic
data, such decomposition has not been im-
plemented satisfactorily. This is generally
due to a lack of clarity in the separation of
geometric and thematic data, unrecognizing
multi-dimensionality, as well as the wide-
spread practice of integrating geometry with

topology. At the standard GIS conceptual
data models, only one line or string is avail-
able representing both geometry and topo-
logy. In spite of some advantages, such as
the reduction of total data storage require-
ments and increasing the spatial query pro-
cessing performance, many disadvantages
arise with data maintenance. Since in case
of road object the geometry information in
the system is frequently altered, displace-
ments in geometry also affect topology.
Therefore, data maintenance is required for
both topology and geometry after every geo-
metrical displacement. Additionally, since
topology information is related to 1-D, 2-D
and 3-D, multiple representations of topo-
logy are required in the applications.

Due the complexity embedded in GIS-T,
according to (GoobpCHILD 1998), (THILL
2000) extensions are needed to handle par-
ticular structures. One of them is planar ver-
sus non-planar model, wherein topological
representation differs from cartographic re-
presentation by not forcing nodes at carto-
graphic intersections. However, at the mo-
dels evaluated all topologies are planar. The
planar topology is based on the well-known
graph theory, where links cannot cross each
other without creating an intersection. The
crossing links must therefore have to be
splitted into several individual links. The
planar networks have several advantages
being; common and simple. Furthermore,
the currently used programs for transporta-
tion applications employ algorithms based
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on the planar model. However, planar to-
pology do not reflect the reality in case of
road networks, where links can cross with-
out creating intersection such as bridges,
tunnels, overpasses, underpasses. In order
to alleviate this problem, ‘virtual nodes’
have been introduced into the system, as in
the Geographic Data Files (GDF) standard.
The GDF, which is especially designed for
vehicle navigation purposes, is mainly adapt-
ed from other GIS models; therefore ‘virtual
node’ approach is widely used. A complete
solution is not provided, since the planar
model is inherently two-dimensional. Fur-
thermore, due to the logical links produced
for large number of road segments, which
in reality represent a single continuous fea-
ture, high input and maintenance efforts are
required. This intensive process of maintain-
ing various features generally results intro-
ducing a significant amount of error into da-
tabases. Other complications arise in data
update and maintenance when road is rea-
ligned. As a result, road information and
many business functions, such as freight
transportation management, real-time con-
gestion management, traffic safety analyses
cannot be efficiently utilized with the current
systems. These problems mainly conclude
insufficient user requirement responses, un-
predicted data integration problems and fi-
nally lack of efficiency.

3 The Conceptual Data Model

In order to diminish the determined prob-
lems and cover the issues highlighted by the
highway agencies, a conceptual data model
is designed. During the constitution of ex-
ternal schema, a progressive approach ap-
propriate to the conceptual data modeling
requirements of an entire highway agency
isreflected on. Furthermore, considering the
peculiarity of spatial information, research
on implemented systems and according to
the previous studies conducted (VONDEROHE
1997, VIS 1998, NWSIB 1998, NCHRP
1998, GIELSDORF 1998, BMVBW 1998,
OKSTRA 2000, DUEkEeR, 2000, SUTTON
2000, PoOrRTELE 2001), a criteria list is con-
stituted. A model for this purpose should

ensure 1.) conceptual decomposition of to-
pological, geometric and thematic informa-
tion 2.) support for multiple topological re-
presentation and various abstraction levels
3.) non-planar topological model 4.) inte-
gration of multi-dimensional road informa-
tion in 3-D 5.) model for operational rules
6.) integration of existing databases 7.) in-
corporation of metadata 8.) interfaces to
existing standards 9.) permanent non-spa-
tial unique feature identifier

3.1 Overview

The main approach of the proposed data
model is abstraction and decomposition of
geometry, topology and non-spatial data.
The data model is designed with four dis-
tinct components; being geometry, topolo-
gy, road events and metadata. The basic
component of the proposed data model is
geometry, which the model is diverging from
standard GIS models. In most GIS, geomet-
ry plays a secondary role compared to the-
matic data and conventionally used for gra-
phical visualization. Consequently, it is re-
dundantly implemented. The geometry com-
ponent here is subdivided into three catego-
ries; point geometry, linear geometry and
area geometry. The point geometry is defin-
ed in terms of a three-dimensional coordi-
nate system, including height information.
In order to achieve data integration, control
of redundancy and optimization of data
maintenance, linear elements were mapped
by means of datum invariant parameters,
which are either horizontal or vertical plan-
es. The planar linear elements have three
parameter types; line, arc and clothoid. Area
geometry may be either planar or non-plan-
ar. By considering geometry to be the basic
component, many of the problems noted are
avoided.

Non-spatial information is introduced in-
to the system as road event. The ‘Road
Event’ object stores all non-spatial informa-
tion including the attributes, occurrence and
physical components of the road. The the-
matic road data has no spatial character in-
cluding the third-dimension. The geometri-
cal properties of the road data is provided
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by referencing the geometry component of
the model fully in third dimension.

The metadata component includes integ-
rity constraints, history and quality. In
GIS, due to redundancy, integrity con-
straints are required wherever geometry in-
teracts. Several additional integrity con-
straints are defined externally in order to
validate geometry and topology. The histo-
ry for all objects and relationships is stored
in the ‘History” object, adopting the trans-
action log approach. The quality aspect is
implemented using member methods of the
individual objects. The history approach is
not followed, since it is very unlikely that
errors or poor quality data needs to be re-

generated. Using this approach the quality
of the current data is reproducible at any
time in the form of documents or tables.
During the proposed data model, the quality
control, error trapping, data consistency
checks and acceptance tests are designed
which will definitely increase acceptance and
the success level of the system.

3.2 The Topology Component

Topology, being non-planar and having ab-
straction levels, is modeled as a logical ab-
straction of geometry. According to the user
assessments, two abstraction levels are suf-
ficient. The main elements of topology are
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Fig.2: The Topology Component.
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node and link. These elements are adapted
from traditional planar networks corres-
ponding mathematical graphs. In order to
define a link, beginning and ending nodes
are required. A node can be assigned to
many links. In the data model with two
1:0..* aggregation associations are used for
this relationships. Associations between
node and link are applied to both abstract-
ion levels, using the same aggregated asso-
ciations. The modeled objects and their re-
lationships can be examined in the Fig.2 in
detail.

Relationships between abstraction levels
are modeled as follows: ‘Node I’, being a
higher abstraction level may be composed
of ‘Link II” and ‘Node II’. Between the first
level topology element node (‘Node I’) and
second level topology element node (‘Node
II’) a 1: 0..* relationship is assigned. This
relationship maps reality adequately. ‘Node
I” may be composed of many nodes (‘Node
II’) and every ‘Node II” is assigned to object
‘Node I'. The relationship between ‘Node
I’ and ‘Link II’ is modeled as 0..1: 0..%,
where ‘Node I’ may be composed of second
level links (‘Link IT") and a second level link
(‘Link II’) may be assigned to ‘Node I'.
Road junctions are examples of such situa-
tions. The relationship between ‘Link I” and
‘Link II’ is modeled as 0..1: 0..*, where
‘Link I" may be composed of second level
link’s (‘Link II’) and a second level link
(‘Link IT") may be assigned to ‘Link I'. The
merging and subsequent separation of divid-
ed highways is an example of this, which is
presented in Fig. 3.

Relationships between topological and
geometrical components are described using
the modeled associations. A node is repre-
sented at the geometrical level by a point.
‘Node I and ‘Node II” have a 0..1: 1 rela-
tionship with respect to ‘Point Geometry’.
A node must be represented with a point,
but a point need not be a node. This rela-
tionship is valid for both abstraction levels.
‘Linear Geometry’ has a relationship be-
tween the two abstraction levels; ‘Link I’
and ‘Link IT’. Between Link (‘Link I" and
‘Link IT’) and ‘Linear Geometry” a 0..1:
1..* relationship is assigned. A link may be

Fig.3b: ll-Level

Fig.3a: I-Level

Fig. 3: Topology Abstraction Levels.

composed of many linear geometry elements
and a linear geometry may be assigned to
one link. The N:M association between to-
pological element link and ‘Area Geometry’
is realized using association tables ‘LinkI/
AreaGeo’ for the first level, and ‘Link II/
AreaGeo’ for the second.

In order to obtain non-planar topology,
vertical alignment elements of the entire net-
work are required. With the designed ob-
jects at the conceptual data model geometry
component ‘Linear Element Vertical’, ‘Point
Geometry’ and ‘Linear Geometry’ object
method Detecting Alignment Elements, ver-
tical alignment elements are achieved. This
method is based on the detection of align-
ment elements realized over significant pa-
rameters and elements, with the help of cur-
vature diagram and applied for both vertical
and horizontal alignment. If the beginning
point and beginning tangent angle is known,
with an approximation, alignment element
parameters and their sequence can be uni-
quely defined (GRUNDIG 1988). The curva-
ture diagram is a graphical representation
of the curvature (k), where (k) is defined with
respect to stationing length (/) as;

_dr

k=
dl
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Therefore, alignment elements can be iden-
tified with simpler functions being; straight
lines parallel to axis, straight lines not pa-
rallel to axis and quadratic parabola. Since
the geometrical element clothoid is not used
for vertical alignment by the agency, two
functions being; straight lines parallel to axis
and straight lines not parallel to axis is re-
levant for the vertical alignment. For each
point of the alignment, where the bearing
angle is a function of stationing value, the
cartesian coordinates (x, y, z) of points of
the vertical (or horizontal) alignment results
detecting the alignment elements with the
use of simple functions integration. Adja-
cent elements have to fulfill conditions of
transition in order to enforce the smooth-
ness of the alignment and of its first deriva-
tive. In order to achieve the optimum result,
additional constraints for geometrical and
driving dynamics are considered in the ad-
justment model as observations. As result
of these analysis, sequence of alignment ele-

ments, element type, radius, stationing val-
ues, coordinate list of alignment main points
with approximation values are obtained.

3.3 Implementation of Topology

The proposed concepts are implemented on
a pilot project using the data provided by
the Brandenburg State Office for Traffic and
Roads (BLVS), Germany. The sample data
is located in an area to the northeast of Ber-
linaround road B2. Itis received in MapInfo
(*.mif) and (*.dbf) format, in which the re-
gulations of ASB (der Anweisung Strallen-
Informationsbank) is used. The vertical and
the horizontal alignment elements are pre-
sent as non-spatial information. The avail-
able height information is the road gradient
and road inclination values, which are line-
arly referenced (1-D) using the link-node
method.

The proposed concepts are implemented
after the constitution of physical data mod-

=_TrasseAN - ArcMap =& ]
| Ele Edt Miew Insen Selection Tocls Windaw Help ‘
[DEEa ey - - |fim  JgdpcER [QQABRODeSE ko H 7|
RN < Analyse von Strabendaten x| 3347010 &
EE
i Stationierng I Visuglisierung T Diagramm
| Kanten DID: B v
. [ E———
| Strabenquerschritt
Auswal
FioadE vernls
[
. Langsneigung Kante 10
Langsneigung
80
£ =~
Ende "
PR —
5
& B0
Status: Bereit
| o 500 1000 1500 2000 2500 3000 3500
Station | [m]
3347013 J
060708 31837 .
TN e
S
3347012
1
o
s £ E
RIS R | I
| Draving ~ & C3 O« A~ 12| [l C[z] BrulA- DL g
2 (292633 491371 Maters
g start| FarcCatabg-Esertn. | @A TiassedN -Archlap | [ Anslyse von Stabendat .| [ Corel PHOTO-PAIN. . 3] Explorer - Aladdin @ 1831

Fig.4: The Vertical Linear Elements.



140 Photogrammetrie « Fernerkundung « Geoinformation 2/2004

el. An object-relational database manage-
ment system (DBMS), Oracle8i, with its
Spatial Data Option extension and Micro-
soft Visio is used. The concepts are imple-
mented on both ArcInfo8™ and Geomedia
Professional 3.0, in order to compare the
system feasibility and performance. Using
the ‘Detecting Alignment Method’ and avail-
able height information non-planar topolo-
gy is achieved. Topology component is im-
plemented as anticipated in the conceptual
data model, shown in Fig.4. An additional
interface is designed in order to display non-
planar topology. (PFANMOLLER 2001)

In the pilot project the usage of vertical
and horizontal geometric elements are prac-
tical and sufficient. However, in many cases,
it is costly to employ such information. Al-
though this information is widely used in
daily operations, often it is not in digital
form. In case of unavailability of vertical ele-
ments, non-planarity can be obtained using
Digital Terrain Model (DTM) since the
height information for the entire highway
network can be achieved. However, several
problems are apparent. Firstly, the accuracy
required in applications, such as freight
management and traffic safety, cannot be
accomplished economically. As DTM accu-
racy is tightly correlated with the data col-
lection method and the map scale, costs in-
crease as the provided accuracy increases.
Additionally, having high accuracy DTM
data will not alone fulfill the requirements
of applications. DTM does not match with
road structures such as bridges, tunnels and
overpasses in a one-to-one manner.

In order to solve this problem, other data
sources, such as; geometrical design regula-
tions, minimum overpass height, driving dy-
namics and traffic safety regulations, can be
introduced to the system. However, in this
case the solution is not unique, leading to
redundancy. The control of redundancy can
be achieved by means of adjustment techni-
ques and also certificate the quality. This
process is performed iteratively, until Zv? P,
is minimum and all conditions are fulfilled.
Since an adjustment approach allows for a
change of all parameters while simulta-
neously enforcing constraints together with

the tolerance of the constraining points, the
risk of introducing very ‘strong” con-
straints should be minimized. It can be done
by loosening the “‘strong” constraints until
the appropriate solution is achieved. Conse-
quently, when the proposed method is ap-
plied to a system using DTM of lower ac-
curacy, the non-planar topology can also be
optimized for the entire highway network
and expectations are fulfilled at low cost.

4 Conclusion

In order to increase the efficiency and high-
light the benefits of GIS-T, this study con-
sidered a progressive approach appropriate
to the conceptual data modeling require-
ments of an entire highway agency. The de-
signed conceptual data model presents a
considerable departure from traditional
planar, centerline based, transportation net-
work in order to comprehend the user as-
sessments. In order to provide an efficient
data management within highway adminis-
trations, the main approach of the proposed
data model is abstraction and decomposi-
tion of components being geometry, topo-
logy and non-spatial data. The topology is
independent of geometry, which in many
other data models is ignored. A fully non-
planar topology model is adopted here in
order to resolve the current problems, sup-
porting different abstraction levels. The con-
ceptual data model designed fulfills the cri-
teria list constituted in an optimized man-
ner. Using this approach it is also possible
to maintain other linear objects, which are
topologically separated. Using this ap-
proach for rail network will be explicitly be-
neficiary for many applications at GIS-T,
such as traffic safety and management of in-
ter modular transportation.
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