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ABSTRACT

A physically-based information fusion approach which greatly differs from
the commonly used probabilistic approach is introduced. In this approach,
a road is represented as a deformable model composed of an abstract
elastic material. The combination of GPS measurements with map-derived
information is accomplished by using a physically-based least action
Principle. The optimal information fusion can be achieved by solving
energy-minimizing equations of the motion. Tests on simulated data show
that this approach opened a new avenue for integrating map-derived
information to augment GPS for vehicle navigation. The feasibility,
effectiveness, and distinctive features of this new approach are
demonstrated in this paper.

1 
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INTRODUCTION

The combination of navigation technologies and computer technologies
has advanced the development of Intelligent Vehicle Highway Systems
(IVHS) in recent years. Positioning and locating are the two distinct
requirements in land-based vehicle navigation. Positioning involves
determining the positions of vehicles in a coordinate framework (e.g.,
geodetic or Cartesian system, etc.), while locating provides a vehicle's
location relative to land features (e.g., roads or intersections, etc.) [8]. The
primary objective of land-based vehicle navigation systems is to combine
navigational information with route knowledge to provide drivers and/or
navigators with real time positions and locations of the vehicles, . and to
assist dispatchers manage traffic flow and congestion. Map information
plays an important role in these applications, and currently all techniques
for vehicle locating and route planning make use of maps.

Currently, a total of 280 land navigation systems have been identified in
an IVHS navigation system database [9]. Seventy percent of them have the
capability of using GPS as a positioning source. Since stand-alone GPS is
not adequate for continuous navigation, many technologies, such as
DGPS, Hybrid-GPS, GPS/Dead-reckoning, GPS/Map, have been
developed to augment GPS in terms of accuracy, reliability and coverage

[7,10,12,13]. Among them, map-aiding has been recognized as an efficient
and low-cost means for augmenting GPS navigation [2]. The distinct
advantage of map aiding is that no additional hardware is necessary
compared to DGPS or dead-reckoning. This feature greatly facilitates the
implementation of a portable navigation system [1]. Moreover, digital map
databases are already available in most land-based navigation systems. For
these reasons, the use of map-derived information in navigation systems is
increasing.

The major approaches to map aiding can be classified into three
categories: (1) Displaying and monitoring: the map matching technique is
applied to snap the computed vehicle coordinates (derived from navigation
sensor data) onto the road network in order to show the driver or
dispatcher the current road of travel; (2) Drift correction: the accurate map
matching is required to extract the accurate positional information of roads
(e.g., intersections) to correct drift errors arising from navigation sensors;
and (3) Integration of road information: the further integration of road
information with other sensor data is a trend to the utilization of map-
derived information. The Kalman filtering based integration and map-
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aided optimal estimation approaches have been developed [1,10,13,14].
However, existing approaches appear to be incapable of utilizing the map-
derived information efficiently with other information sources (such as
GPS data). It is considered that a mathematical framework of integrating
GPS measurements with map-derived information is still lacking. The
exploitation of map information and, the optimal combination of different
information sources has not been achieved yet. This leads us to explore a
new theory on representing and integrating different information sources,
SO as to further improve map aided GPS navigation.

This paper presents a novel approach addressing the combination of GPS
measurements with map-derived information. Following the introduction,
the problem statement and a detailed analysis of previous approaches to
the. utilization of map-derived information are given. A new information
fu. sion theory and its mathematical formulation are introduced. The
implementation of a practical algorithm, Snake, for map aided GPS
n. avigation is described. An experimental evaluation of the new approach
is also presented.

PROBLEM STATEMENT AND ANALYSIS

The key to reliable vehicle navigation is the optimal fusion of information
from a variety of sources. In land-based GPS navigation systems, three
information sources are included: vehicle dynamics, GPS measurements,
and map-derived derived information. In the previous approaches to the utilization
of map-derived information, two processes are generally involved: (1)
Road identification: determining the road on which the vehicle is
!raveling; and (2) Road information fusion: integrating the roadinformation with GPS measurements.

Road Identification

The nearest point (NP) searching algorithm is intuitively used to perform
road identification. It outputs a nearest point to the GPS computed point
through searching the road network. If a wrong road is chosen, the
Performance of the information fusion may degrade dramatically. This is a
reoccurring problem in current map aided GPS systems.

Recent considerations are focusing on searching a road segment rather
than a road point (such as a NP). The method uses the results of a Kalman

3 Chuang Tao



788

filter to determine a vehicle trajectory and to match this trajectory with a
road segment in a road network [6]. To make use of this method, an
accurate navigation result is required. The paradox is that the road
information should be used at first so that an accurate navigation result
could be produced. Solutions to this paradox are still being sought.

Road Information Fusion

Kalman filtering .based information fusion methodology has been
predominantly used in vehicle navigation. It has been proven that the
Kalman filter has great capability of integrating multiple sensor
measurements with the vehicle dynamics via a sequential solution. The
understanding of the statistics of multiple information sources govern the
performance of a Kalman filter. In [1], the map-derived information is
treated as an observable and introduced directly into a Kalman filter with
the other observables. The weighted point and slope-intercept constrained
observation equations are incorporated into the Kalman filter for the
navigation solution.

Another approach to augment GPS using map-derived information is
given in [14]. The approach is based on the premise that the correct roads
of travel have been identified. Due to the various noise sources affecting
GPS measurements, the measured positions of the vehicle would not lie on
the road. The approach takes into account the measurement noise statistics
of GPS and optimally translates the raw position measurements onto the
road network. A maximum a posterior (MAP) estimator is proposed to
determine the translation using the spatial correlation of the measurement
errors. This is an alternative approach of combining the GPS
measurements and map-derived information. The advantage of the
approach is that the NP searching is avoided. The performance of this
approach depends heavily on the statistic model of GPS measurement
errors. Temporally correlated GPS errors and biases introduced by
Selective Availability (SA) may violate an implicit assumption of the
MAP estimator [13].

The common characteristics of the above approaches can be summarized
as: (1) Both the map-derived information and GPS measurements are
investigated by means of the probabilistic approach and combined using
statistical criteria. (2) Only discrete road points are used and their
positional information is treated as constraints in the estimation model. (3)
Road identification is critical. Incorrect road identification would greatly
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affect the results.

Problematic Domain Analysis

Absolute positioning systems, GPS, generally provide an accuracy of 30-
100 m in a stand-along mode. Due to the various noise sources, the curve
Of vehicle positions determined by GPS alone is not smooth, and even
Vibrated when the vehicle is traveling in tree canopy or urban canyon
areas. The spikes on the trajectory are caused by satellite signal blockage
or the constellation changes. The multipath error is about 150 m
commonly in urban canyon areas [1]. The above errors are not able to be
modeled and corrected successfully in the GPS stand-alone mode. This
fact implies that the GPS measurements are not a stable information
source compared to maps.

Since the vehicle is always traveling on roads, map information seems to
be reliable and stable to the vehicle navigation. The absolute accuracy in
maps is smooth (usually less than 30m [81), and the internal relative
accuracy is very high. This is an important structure feature of maps. In
the previous approaches, only the positional information of road points is
used rather than the road segments or the road network. In fact, a road
should not be decomposed into independent points. It should be treated as
a whole body in order to consider its structure feature. In this sense, the
optimized combination of GPS measurements with road information has
not been achieved by using the previous approaches, in particular, the
structure feature of maps has not been applied efficiently. This is a
motivation for this research.

PHYSICALLY-BASED INFORMATION FUSION

The physically-based information fusion approaches greatly differ from
the commonly used probabilistic approaches. The approach is
fundamentally dynamic and governed by a least action principle
(Hamilton's motion principle). The Lagrangian equations of motion form
the basis of the mathematical framework of the approach [4,17]. Recently,
th. e physically-based approach has been of increasing interest in image
information processing [11,15,16]. The approach is applied to infer and
reconstruct objects of interest from images. Due to the existence of large
ambiguities of the object information in images, the physically-based
approach shows great advantages on combining the geometric, physical

5 Chuang Tao
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and dynamic constraints. It is essentially a novel information fusion
approach.

Conceptual Considerations

As can be seen in Figure la, from
a geometry point of view,
information fusion of GPS

O measurements and road
O information can be treated as a

0 . 0 combination of the linear feature00 0 0 O information and the point featureo Road segment

o  [a information. If using a,
0

Optimal NP _
0

composed of an abstract elastic

Figure 1. The physically-based material is placed in the force

combination of GPS measurements field. Each point of this force field

with map-derived information, acts a force onto the curve and
deforms the curve (Figure la). The
curve has its internal energy

determined by the composed elastic material. This internal energy
maintains the natural shape of the curve and resists the external

deformation forces. According to Hamilton's least action principle [4], the

motion of an elastic body, under the influence of shape constraints and
deformation forces, follows a path from an initial state to a final state that

minimizes the action energy. It shows that the deformation of the curve

under the action of internal and external forces indicates an optimal energy
combination. Figure lb illustrates a deformed curve after an energy

combination.

The combination of GPS measurements and road information can be
accommodated by using this physically-based energy action theory. The

road represents the curve while the GPS measurements represent the
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Points. Since a road segment in maps has a high relative accuracy and a
smooth absolute accuracy, it nicely fits to an elastic body associated with
an internal energy. Thus a road segment becomes a whole body rather than
the separated points. The advantage of this road modeling is that the
structure feature of road information can be represented. The combination
of GPS measurements with road information can be modeled as a
deformation action, and such an action can be formulated by using the
characteristics of different information sources. After an energy action
process (information fusion), a deformed road model is obtained. This
final road model reaches a state in which an optimal combination of the
internal and external energies is accommodated. At this state, the nearest
point to the GPS computed point can be considered as an optimal position
of the vehicle, because this NP is determined by a dynamic synthesis of
the road segment information and the surrounding GPS measurements. As
illustrated in Figure lb, the optimal NP of the GPS computed point P

Deformable Road Model (Snake)

A road network is composed of nodes and segments. Each segment is
connected by two nodes. The physical meaning of a node is an intersection
in maps. We treat each road segment as a deformable curve, termed a
snake, composed of an abstract elastic material. In Figure 1, the road
segment connected by nodes A and B are defined as a snake(A-B). The
connecting relationship between the segments and the nodes are always
maintained. Therefore, no matter how big the deformation of a road
segment is, the topological relationship in the road network can never be
destroyed (see Figure lb). The parametric representation of a snake can be
described as v(u) = (x(u), y(u), z(u)), (ue[0,1]). Its total energy can be
written as:

E= [eiE int(v(u))+ e2Eext(v(u))]clu (1)

where Ein, is the internal energy of a road segment, and Eex, is the external
energy. ei and e2 are constants for weighting these two energies. During
the minimization of the total energy E, the snake is deformed to reach an
optimal compromise between the constraints introduced by the internal
and external forces.

7 Chuang Tao
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Internal Energy of the Snake

The internal energy represents the structure of roads. It maintains the local

continuity and connectivity of the snake and controls the snake from

deforming from its natural state. Ein, can be described by a spline energy

[I7]:

Eindv(u)) = a (u)liqu)12+13(u)1V"(101 2 (2)

The first term is a measure of the distance discontinuities (stretching

effectiveness), the second term is a measure of the orientation

discontinuities (bending effectiveness). This spline energy impo
ses a

smoothness force onto the snake. Adjusting the weights a and f3 controls

the relative balance of stretching and bending forces. The struc
ture

features of the roads (e.g., absolute/relative map accuracy and road sha
pe)

are used to determine the weights a and J3, and to partially control 
the

magnitude of the deformation.

External Energy of the Snake

Another factor affecting the snake deformation is the externa
l energy

defined by the GPS measurements and the correlation to the ro
ads. The

GPS measurements are the estimates obtained by Kalman filtering
, DOP

fix, least squares or other methods [I]. In order to quantify this 
energy, a

gravity-type force field is introduced. The reason is that the 
closer the

distance between the GPS measurement point and the road, the 
greater the

force. Shown in Figure 2, a gravity-type spring is imposed be
tween the

measurements and the road. To avoid the singularity when the dist
ance is

approaching zero, we employ the following function in defini
ng the

external energy:

x2, x <1

Eext = f (DI ,/r) f (x) = tx-1 , x 1 (3)

where Dp represents the distance between the measurement P and 
the

curve points. The coefficient r controls a singularity of the a
ction. The

corresponding external force can be derived:

Fext = V Eext = f' (Dp I r) 1 r

8

(4)
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Figure 2. Combination of the internal and external forces

It should be noted that the accurate error model of GPS measurements and
its spatial correlation model with the roads can also be used to define the
external energy. The reason of the use of a gravity-type energy definition
15 that the above-mentioned models are not available or not accurate to be
applied. On the other hand, the current model has a strong robustness. The
effects of blunders and points distant from the snake are minimized.

ALGORITHMIC IMPLEMENTATION

B-Spline Based Snake Modeling

The solution of an energy-minimizing function E in Equ. (1) involves a
large number of unknowns. In order to implement an efficient algorithm
for navigation, 3D cubic B-splines are applied to represent the snake.
Thus, the model of the snake (B-Snake) becomes:

Q(u) = ( x(uj ), y(u), z(ui) )

= ( IViBi(w) ), j=0,1,...,n-1
1.0

(5)

where Bi are the basis functions of B-splines, Vi=(Xi, YbZi) are a set of
control vertices to this B-spline curve, n and m are the numbers of
sampling points on the curve and control vertices, respectively.

Snake Model Based Vehicle Navigation

The GPS measurements are updated when the vehicle is traveling on a
road segment which has been modeled as a snake. Substituting Equ. (5)

9 Chuang Tao
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and (2) into Equ. (1), the discrete version of the motion equation is
obtained,

n-1 m-1
E = E{ei[a(u;)( y, ViBi' (1))2 + fi(uNIViBi" (10)2]

i=o i=0

+e2Fext [Q(u)]} (6)

To obtain the minimum of E, the solution of a variation extreme is
involved. The final form of the solution ends up with the following
matrixes [15]:

X = (A+71)1(yX-F)
Y= (A+y1f1(yY-F)
Z= (A+1)-'(-F) (7)

where is an Euler step size, and A is a banded matrix (mxm). It should
be noted that the dimension of the inversion is m instead of n. The
computation of the inversion by LU decomposition only needs a linear
time 0(m).

After solving the motion equations, the deformed snake is determined.
And then, an optimal vehicle position at the current time epoch is obtained
which is defined by a nearest point on the snake to the latest GPS estimate
(see Figure lb). If a new GPS measurement is added, the balanced force
field would be damaged and the new position of the snake is to be
determined via solving the updated motion equations.

EXPERIMENTAL EVALUATION

Tests on simulated data have been conducted to evaluate the feasibility
and viability of the new approach. A road network database is established
in which the roads are spaced at about 100-200 m (Figure 3a). Most urban
areas have similar road spacing. The bold line in Figure 3a represents a
simulated vehicle trajectory. A number of random points along the vehicle
trajectory are generated for simulating GPS measurements. These random
points serve as zero-mean uncorrelated Gaussian distributions. The
standard deviations of these point sets are randomly varied from 0 to 100
m, the actual accuracy of the stand-alone GPS mode.

10 Chuang Tao



In this test, 12 nodes
(intersections) are involved. A
total of 37 snakes are generated
on this travel, e.g., snake(1-2),
snake(2-3), snake(1-13), etc..
The average length of involved
road segments is 158 m. The
relative accuracy of the road
network is assumed to be 15 m
(the claimed accuracy of Etalc
maps). The spacing of the
control vertices in the snake
model is set up as 15 m. Thus
the number of unknowns of the
motion equations ranges from 7
to 15. Without using the B-
spline representation, the
number of unknowns would be
35-75 (assuming the spacing of
the sampling points along the
road is 3 m). In this test, since
the accuracy of positions
derived from the road database
is better than that of GPS, the
constants e1=0.6 and e2=0.4 are
Chosen for balancing the action
of the. internal and external
energies. The weights a=0.7
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Figure 3 (a) A simulated vehicle
trajectory (bold line) and a road
network; (b) The final results of the
positions (bold line) combining both
GPS measurements and road
information.

and )6=0.5 are used according to the experiences. The singularity
coefficient r=15 m is determined in this case.

The final result is illustrated in Figure 3b. The marks "o" represent the

Positions of the deformed intersections. The effectiveness of this
physically-based approach is demonstrated. The obtained trajectory is very
smooth. The common problem of "Jumping from road to road" is
alleviated, because the snake model is always attached to a current road
segment. The wrong road identification could be avoided even though the
neighboring road is very close to the current road (e.g., the road B is far
Close to the road A in Figure 3b). In order to evaluate the performance of
the intersection identification, we placed five branches at the node 5. As
can be seen the correct road was identified using the designed candidate
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election algorithm. At node 9, the neighboring nodes are very close and it
is usually very easy to snap a wrong road. Since the end point of the snake
was deformed together with the whole body, the wrong road will not be
snapped when the vehicle makes a turn. In fact, the common problem
coming from the use of a NP searching to identify the road is completely
avoided in this approach.

CONCLUDING REMARKS AND FUTURE WORK

The physically-based approach for information fusion demonstrates its
advantages and distinctive features to augment GPS using map-derived
information. The following characteristics of the new approach can be
summarized:

(1) The synthesis of multiple constraints can be implemented by a
physically-based least action principle. The geometric, physical and
dynamic constraints can be unified into the motion equations. The
information fusion becomes a physical problem of solving the motion
equations.

(2) A road segment is modeled as a deformable model (snake). It allows
us to efficiently use the significant structure features of maps rather
than the positional information of the independent road points.

(3) The deformation mechanism is endowed with the snake so that the
constraints coming from the GPS measurements and map-derived
information can be combined through an optimal and robust solution
of energy minimization.

(4) The common problems of the wrong road and wrong intersection
identification are resolved.

(5) The numeric advantage of using B-splines based snake technique is
significant.

Practical tests for this new approach are obviously necessary. This defines
our ongoing work. The accommodation of the model of GPS measurement
errors and its correlation to roads into the snake energy model needs
further research. In fact, the statistics of information sources can be
incorporated implicitly into this physically-based approach. However, the
further combination of the physically-based approach with the probability
approach appears to be important. Thus, a mathematically more rigorous
approach can be obtained.

12 Chuang Tao
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