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Abstract. Tracking moving objects is one of the most common requirements for many location-based
applications. The location of a moving object changes continuously but the database location of the moving
object cannot update continuously. Modelling of such moving object database should be considered to
facilitate study of the performance and design parameters for this database feature. Such study is essential for
selecting the optimal solution in order to minimize the implementation of the overhead cost. Location
updating strategy for such type of database is the most important criteria. Spatio-temporal uncertainty is a
special feature of moving objects due to the inability of precisely capturing or predicting their continuously
changing locations. In this paper, we proposed a new dynamic threshold location updating strategy. The
location updating threshold was given dynamically in accordance with the velocity, azimuth positioning
information from the GPS. In addition, a cone model with uncertainty of current unit trajectory was presented
based on thresholds. Furthermore, the model was tested through the different moving objects. The
experimental results illustrated that the location update frequency can be effectively reduced, and thus the
position information transmission flow and the data storage were reduced without affecting the moving
objects trajectory precision.

Keywords: moving objects database, update strategies, uncertainty trajectory, uncertainty threshold.

1. Introduction

With the fast advance of mobile and ubiquitous computing, spatio-temporal databases[1]-[3] aiming at
efficiently managing a large number of moving objects have become more realistic and attractive. Many
applications, such as mobile communication systems, flight control systems, geographical information
systems, transportation, traffic control, mobile resource management, and mobile workforce can benefit from
the advent of spatio-temporal databases. This brought to database researchers a new challenge in the area of
Moving Object Database (MOD).

Traditional Database Management System (DBMS) is not equipped to handle continuously changing
data such as the transient position of moving object. This means that traditional DBMS deals with static data
attributes at a given time [4], leading to a rather discrete database model. Therefore, in many MOD
applications a continuous model for these dynamic objects will be essential in order to manage such moving
objects [4], [5]. In this case, an updating strategy for a moving object is required. The objective of this
strategy is to accurate track the current location of moving object while minimizing the number of updates. It
is obvious that the more often data is updated, the more accurate the data will be. However, the cost of
updating data increases with the frequency updating the data. That is, there is a trade-off between updating
cost and information accuracy in designing MOD systems.

Generally speaking, the trajectories of moving objects are continuous. However, the location information
is discrete and discontinuous recorded by moving object Database. When querying and visualizing moving
object position and trajectory at any moment, the moving object position needs to be estimated according to
the location information stored in the database. In order to simplify the study, the moving object trajectory
will be defined as a straight line or curve in the time period by the proposed dynamic location update strategy.
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In historical trajectory unit, cubic Hermite interpolation method is used to model trajectories and the
simulation of trajectory is accurate. In current and future trajectory unit, linear function is often used to
simulate trajectories, and the simulation is rough, which often leads to more error.

To address these challenges, we propose solutions to process these problems. In this paper, we propose
an updating strategy of the moving objects trajectories, which is adapted to the change of velocity and
direction. Non-linear index regression equation of moving object based on one parameter is established by a
sliding window of velocity and direction interval. Thresholds can be adjusted dynamically taking advantage
of regression parameter. In order to capture uncertainty of current trajectory, we model the trajectory as a
cone shaped volume in 3D. Traditionally, spatio-temporal range queries ask for the objects that are inside a
particular region, during a particular time interval. However, based on this model one may query the objects
that will be inside the region sometime during the time interval, or for the ones that will be always inside
during the time interval. Similarly, one may query the possibility that the objects will be inside the region.

Our main contributions can be summarized as follows:

(1)We propose an updating strategy of moving objects trajectories, adapted to the change of velocity and
direction.

(2)We introduce a current trajectory unit model with uncertainty and a set of operators for query with
uncertainty.

The paper is organized as follows: Section 2 discusses the related work on strategies for updating and
spatio-temporal uncertainty models. Section 3 introduces our updating policies for trajectories. Section 4
introduces our model of moving objects with uncertainty and operators for query with uncertainty. Section 5
presents experimental results. Section 6 draws some conclusions and discusses future work.

2. Related Work

Previous research on reducing the cost of updating the location of moving objects can be classified into
three categories. Research in the first category[6]-[8] tracks the object locations only. Objects move in the
Euclidean space and the curves represent the trajectories of moving objects. One update strategy is that each
moving object reports its location to the database server every timestamps, and the other strategy is to update
the location every moving distance units. These two strategies are inefficient because the velocity, including
speed and direction, of moving objects is not taken into consideration. For instance, an object moving with
high speed may incur a large number of location updates as the time required to move d distance units is
short. In order to alleviate the problem of frequent updates, motion models are adopted in research of the
second category[9,10] to predict the location of a moving object. As each object is aware of its real location
obtained from a Global Positioning System (GPS) device, a location update is issued to the database server
only when the deviation between the real and predicted locations exceeds a given threshold T. As long as the
object’s real location is within a circle centered at the predicted location with radius T, its location
information stored in the server does not need to be updated. This category takes the distance between the
real and predicted locations into consideration without direction. To further reduce the update frequency,
research in the third category[11], [12]takes advantage of the object’s location, speed, and direction to
construct a variable-size possible region, named the ‘spatio-temporal possible region’, whose location and
size change as time progresses. This update policy can significantly reduce the cost of communication
between each object and the database server. However, it raises other crucial issues affecting the system
performance even more. These issues include (1) when to update the spatio-temporal possible region of each
object and (2) how to update the spatio-temporal possible region when object update occurs.

The 3D polyline model, however, only yields the trajectory that the moving object may take with the
highest possibility but is often not the exact route the moving object takes in reality. Two important
approaches that capture the uncertainty of movements are the 3D cylinder model in [13], [14] and the space-
time prism model in [15], [16].The cylinder model, however, assumes that the degree of uncertainty does not
change between two sample points, which is not the exact case in reality. The space-time prism model
represents the uncertain movement of a moving object as a volume formed by the intersection of two half
cones in the 3D space. Given the maximum speed of a moving object and two positions at the beginning and
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at the end of the movement, all possible trajectories between these two points are bounded within the volume
of two half cones. Space-time prisms are more efficient than the cylinder models since they reduce the
uncertain volume by two thirds because of the geometric properties of cones. There are many application
examples that benefit from the space-time prism model in [17], [18]. In some GPS applications, the
uncertainty is represented as an error ellipse which is the projection of a space-time prism in 2D space. A
most recent approach discusses the problem of efficient processing of spatio-temporal range queries for
moving objects with uncertainty [19]. However, there are some remaining problems that are not solved. First,
two models use maximum speed to calculate uncertainty threshold. Actually, motion state not only includes
the speed but also the direction. Second, Error models are constructed based on the origin and the destination
of the moving point, which can be regarded as an error model for historical trajectory. No error models are
established for future trajectory. We will provide solutions to the aforementioned problems in our model.

3. Update Policies of the Moving Objects Trajectory

Contributions to the congress are welcome from throughout the world. Manuscripts may be submitted to
In the MOST model, the position of the moving object is abstracted as a function of time:

Loc@) = LocG,,) + V@ —¢,,) (1)

where LOC(tM) is the location of the moving object at reference timez ..V is current velocity of the

moving object, which consists of |V| and 6.|V| is the value of velocity, and @ is the direction of movement.
According to Equation 1, location at any time can be calculated and location in the MOD is updated when
moving object state changes.

According to the deficiencies of the update strategies above, we propose an adaptive threshold method,
which is adapted to interval of velocity and direction. We take velocity dynamic threshold as an example to
construct a nonlinear exponential nonlinear regression model.

V1,Vo, -+ Viare velocity thresholds at time ty,t,, -+ tjand I; = vis; - v is the interval of velocity threshold.
If I increases, indicating that the state of movement is unstable, and the threshold should be reduced to
increase update frequency. If I; decreases, indicating that the state of movement is stable and the threshold
should be increased to reduce the update frequency.

The number of velocity interval @ is obtained in form of sliding window and nonlinear regression
model of the moving object is constructed.

A

SN iV}
I =ae @)
The Equation 2 is transformed into a logarithmic form and linearization:

Inl = Iné, + 4,Jj 3)

. . . ' 7 N A .
a, , o, are regression coefficients. Assuming V" = Inl o = Ina,, , b = a;, Equation 3 can be
written as follows:

!

v =a +bJj 4)

a, , c, can be obtained by solution Equation 4.

Fig. 1: Trend of interval of motion state update.
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The trend of interval of motion state update is shown in Fig. 1. If ;> 0, indicating that velocity interval
increases within the width of window @ .If & < 0 indicating that the velocity interval decreases within the

width of window @ .The value of ¢, is the exponential trend. The velocity threshold can be obtained from

Equation 5.
. (1 _ 1_] o >0
®
Via = ] o )
vk(u —° j 2 <0
®

The above method is used to construct a nonlinear regression model based on direction threshold, and

direction update threshold is obtained as Equation 6.
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Based on velocity and direction threshold, when moving object state change exceeds the thresholds, the
trajectory of moving object is updated to MOD.

4. Modelling the Uncertainty of Moving Objects

In this section, we introduce a model which represents moving mbjects trajectory with uncertainty.The
uncertain trajectory is obtained by associating uncertainty thresholds with each unit of the tracjectory.The
moving object location will be updated to the server if it deviates from its expected moving state by velocity
or direction.

Definition 1. A trajectory of a moving object is a polyline in three-dimensional space, represented as a
sequence of points (X1, Y1, t),(X2, Y2, t2), =+, (Xny Yy o) (t1 < t, < --- < t,). For a given trajectory Tr(M), its
projection on the XY -plane is called the trajectory of Tr(M).

A trajectory defines the location of a moving object as an implicit function of time. The object is at (X;, yi)
at time t;, and during each segment [t;, t;+1], the object moves along a straight line from (x;, ;) t0 (Xi+1, Yi+1), at
a constant speed and direction.

Definition 2. Assuming that Tr(M) is the latest addition unit to trajectory ,and the the start time of the
unit is tk, then the unit from tk to near future called the current unit,and moving object always moves in the
current unit.

Definition 3. In the trajectories of the moving Object M, all the units before the current unit are called
historical units.

In historical trajectory unit, cubic Hermite interpolation method is used to model the trajectory, and the
simulation of trajectory is accurate. In current trajectory unit, linear function is often used to simulate
trajectory, and simulation of the trajectory is rough, which often leads to more error.

Definition 4. The circle any point(x,y,t) in the current unit as the center and uncertainty threshold R as
the radius is the error region which is parallel with the XY-plane.

Chapter 2 shows that, uncertainty threshold of any point in the current trajectory unit can be obtained
from original point, velocity, direction and update threshold.

As shown in Fig. 2, Po(Xo,Yo,to) is original point. & is direction threshold. o, is movement azimuth of the
original point. P(x,y,t) is real point at time t. P(xy,y1,t) is the predicted point at time t. AX, AY are coordinate
error in X and Y direction respectively, geometric relationship shows as:
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AY =t -[v+v)-sinlg, + 0) —v, -sin,] -
AY =t -[(v+v)- -cosa, —v, - cosla, +0)]

Two equations in Equation 7 are squared and added, uncertainty threshold R at time t as follows:

[(v +v,) sin(g, +0) —v, -sing, [
K =t- , 8
HW+v) cosa, —v, cosla, + O)7F

R is a linear function of time show as Equation 8.

Y
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Fig. 2: Error processing.

Definition 5. A 3D cone shaped volume is formed by merged error regions from definition 4 called
trajectory unit with uncertainty ,as shown in Fig. 3.

Definition 6. The projection of the 3D cone shaped volume in XY-plane, is called uncertainty region of
the trajectory.

() e )
T trajectory volume between t and i

possible motion curve

(vt

uncertainty region

D

Y
Fig. 3: Cone shaped volume representing the uncertainty of a moving object.

Shown as in Fig. 3, different point in the current unit, has different error threshold R, and R is a positive
real number, denoting the uncertainty threshold. For each point (x,y,t) in the trajectory, its R-uncertainty
region is a horizontal circle with radius R, centered at (x,y,t), where (x,y) is the expected location at the time t
(t >to). Considering all the t in 3D space, the continuous R-uncertainty region constitutes a 3D cone shaped
volume.
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5. Experiments

Random motion of moving objects is tested in computer based on update strategy which moves in two-
dimensional space. Update frequency and deviation error of our method are compared with fixed time
threshold method.

5.1. Experimental Setup

The experiments are conducted on a 2.93GHz Intel processor, which has a 8GB RAM and 80G hard disk
in XP operating system. There are several rules that the speed of moving objects is a random variable
following Gaussian distribution and the direction of moving objects is a random variable following
Uniformly distribution.

5.2. Experiment Performance
The simulated number of moving objects in the experiment is 100, 200, 500, 1000, and comparison cycle
is 1 second, results as shown in Table 1.

Table 1: Comparison of Result Location Update

Number of moving objects Update frequency(time/s) Mean position deviation(m)
Fixed threshold Proposed method  Fixed threshold  Proposed method
100 0.754 0.611 7.12 4.52
200 0.689 0.485 5.67 4.03
500 0.701 0.643 6.35 3.78
1000 0.679 0.523 6.89 3.81

Adaptive threshold method adjusts update threshold according to state motion of the moving object
update interval. Experiments demonstrate that average update frequency reduces with more accuracy
compared with fixed threshold method.

6. Conclusions and Future Work

In this paper, we discuss the problems of trajectory update strategy and trajectory model with uncertainty.
We propose an update strategy of moving objects trajectory, which is adapted to the change of velocity and
direction. Non-linear index regression equation of moving object based on one parameter is established by a
sliding window of velocity and direction interval. Thresholds can be adjusted dynamically taking advantage
of regression parameter Experiment results show that this method not only reduces update frequency, but
also improves positioning accuracy. A cone error model for current trajectory is constructed based on update
thresholds and spatio-temporal query with uncertainty can be performed. In our future work, we will
construct a moving object index to improve efficiency of index update and spatio-temporal query.
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