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Abstract. With recent sensor and tracking technology advances, the
volume of available trajectory data is steadily increasing. Consequently,
managing and analyzing trajectory data has seen significant interest from
the research community. The challenges presented by trajectory data
arise from their spatio-temporal nature as well as the uncertainty regard-
ing locations between sampled points. In this paper, we present a data
model that treats trajectories as first-class citizens, thus fully captur-
ing their spatio-temporal properties. We also introduce a predicate logic
that enable query processing under different uncertainty assumptions.
Finally, we show that our predicate logic is expressive enough to capture
all spatial and temporal relations put forward by previous work.

Keywords: Trajectory Data - Data Modeling - Predicate Logic

1 Introduction

A growing number of applications ranging from rating and publishing personal
hiking trips [7] to studying the migration of animals require the analysis of trajec-
tory data. Consequently, the efficient processing of trajectory data has attracted
significant interest [6,26]. For example, at the Centre for the Advanced Study
of Collective Behaviour® at the University of Konstanz, the excellence cluster in
which the presented research is situated, we are building the so-called Imaging
Hangar, which enables us to study small animal collectives in a controlled envi-
ronment using trajectory data obtained from video image analysis [25]. Depend-
ing on the kind of object being tracked, the data recorded together with a tra-
jectory is highly application-specific. Furthermore, the quality of the trajectory
data can vary substantially based on sampling rate and sensor accuracy.
Trajectory data are uncertain by nature. Specifically, at least two types of
uncertainty can be distinguished. The first type comes from noise in GPS mea-
surements and is inherent to the data source, making it impractical to address it
at the system level. The second type concerns the position of an object between

! https://www.exc.uni-konstanz.de/collective-behaviour/.
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Fig. 1. Example of a trajectory T and a query region R.

two consecutive trajectory points and is the focus of the work presented in this
paper. Due to the discrete sampling rate with which locations are obtained, there
is uncertainty as to the exact movement of an object at every point in time. For
example, Fig. 1 shows the trajectory of a bird 7" and a query region R. Given a
straight line between points p; and po, T intersects R. However, the bird could
have actually moved around the corner of R, shown as a dashed line.

Existing systems like SECONDO [15] and MobilityDB [31] come with two
major shortcomings. First, they assume that all necessary trajectories can be
collected and stored in a single location. Such a case is not always possible
as exchanging trajectory data obtained from different sources has both practical
and legal limitations. Second, to deal with uncertainty, existing approaches either
model trajectories using cylinders [24] and beads [21], or attempt to process
queries by inferring the exact location of the moving object between two recorded
locations [28,29]|. However, existing systems do not take the uncertain nature of
trajectory data into account.

To address these shortcomings, our aim is to develop a query broker that
enables users such as biologists and environmental scientists to query trajectory
data from multiple sources through a unified interface. As a first step, this paper
proposes a spatio-temporal predicate logic, including a data model and operators,
to query trajectories from different sources. In particular, our predicate logic that
accommodates uncertainty in trajectory data by supporting different levels of
strictness. The contributions of this paper are as follows.

— We introduce a data model for trajectories based on the NF? relational
data model. Our model gives equal importance to the spatial and tempo-
ral attributes of trajectories while also supporting their application-specific
attributes (Sect. 3).

— We define a unified spatio-temporal predicate logic to express selection oper-
ations over trajectory data. As a distinguishing feature, our predicate logic
supports different levels of strictness to deal with uncertainty in interpreting
trajectory data (Sect.4).

— We demonstrate that our spatio-temporal predicate logic is expressive enough
to represent the spatial relations from the DE-9IM standard [11] and the
temporal relations from Allen’s Interval Algebra [1], and we show how our
logic handles the uncertainty of trajectory data in a query (Sect.5).

Section 2 provides an overview of existing works. Concluding remarks and direc-
tions for future work are given in Sect. 6.
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2 Related Work

In this section, we provide an overview of existing data models, algebras, and
systems that have been proposed to store and query trajectory data.

Data Models and Algebras. There has been a variety of contributions in the
field of data models and algebras for trajectories and moving objects [3,4, 10,
18,22]. Giiting et al. [16] provide a foundational framework for representing and
querying moving objects, which serves as a cornerstone in the trajectory data
management domain. Frihida et al. [13]| introduce an algebraic spatio-semporal
trajectory data type for the representation of trajectory data. Building on the
approach of Frihida et al., Zheni et al. [30] introduce a semantic-based model
and manipulation language for trajectories. A contribution by Ferreira et al. [12]
presents an algebra for trajectories by incorporating time series and coverage.
Bakli et al. [2] propose an algebra on operators based on the Hadoop system.
In contrast to our work, these contributions do not deal with the uncertainty
between the sampled points of trajectories in the data model or the algebra.

Systems. Several works have contributed to the field of moving object data
management [8,9,19,26,27|. Notably, DEDALE [14] is an early system that laid
the groundwork for representing and querying moving objects. DEDALE serves
as a spatial extension for SQL, lacking a temporal component. SECONDO [15]
is a research prototype that implements a subset of the foundational framework
proposed by Giiting et al. [16]. The HERMES trajectory database engine [20)]
extends the object-relational data model by introducing data types and DDL
extensions for managing trajectory data. MobilityDB [31] is an extension to
PostGIS that supports moving object data providing trajectory-specific data
types and functions that implement the DE-9IM relations to a certain degree.
UlTraMan [9] extends Apache Spark offering a holistic solution for the entire
trajectory pipeline, including range query processing. Moreover, while most of
the aforementioned systems focus primarily on the spatial dimension of trajec-
tory data, time-series database systems [17| also support storing and querying
trajectory data, focusing primarily on the temporal dimension. In contrast to our
work, most of these systems do not come with a formally defined data model,
but instead focus on the technical challenges of trajectory data management.
Furthermore, existing systems do not take into account the uncertain aspects of
trajectory data.

3 A Data Model for Trajectories

Trajectories represent the movement of a moving object. Typically, trajecto-
ries are given as a sequence of tuples, that consist of geometric or geographi-
cal coordinates accompanied by timestamps. The timestamp attributes of the
tuples of trajectories are strictly ordered and monotonically increasing. Since
most currently available datasets are two-dimensional, we focus on two spatial
dimensions. Definition 1 defines a trajectory in a relational context.
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tid T
order| x |y | T order| x |y | T
0 [1.0[0.5[110 0 |[1.0[0.5[110
1 |2.0{1.0{120 T 1 |2.0{1.0{120
2 [4.0[1.5[130 0 2 [4.0{1.5]130
3 [4.0/1.5[140 3 |4.0|1.5[140
4 3.0({0.5[150 4 3.0/0.5({150
Fig. 2. The relational representation of Fig. 3. Relational representation ¥ of
trajectory T a nested trajectory relation Tp.

Definition 1. Let trajectory relation T be a relation with schema sch(T) =
(0,x,y,T) that satisfies the following:

val(T) = {(os, %4, yi,7i) | i € [0,n] An € N},

o0 is the order of each tuple tp € T.

x and y are spatial coordinates (geometrical or geographical).

T are timestamps.

Vitpi,tp; € T,i # j it stands that tp;(0) > tp;(0) < tp;(T) > tp;(7).

In the trajectory relation, we include the order column. While the timestamp
could also be used to determine the correct sequence of the tuples in the rela-
tion, the order facilitates specific operations, e.g., the retrieval of line segments
between consecutive points. Figure 2 shows T' in a relational table. It is helpful
to store trajectories in relational tables because RDBMS offer a multitude of
operators that can be used to run queries on the trajectory data.

3.1 Trajectory Representation in NF?

The Non-First Normal Form (NF?) data model is an extension of the relational
data model. The corresponding NF? algebra [23] allows subexpressions as pred-
icates and enables the access of nested relations. In the context of our work, the
NF? data model enables the modeling of trajectories as nested relations, thus
treating them as first-class citizens. More specifically, using the NF? data model
we store single trajectories T' as nested relations of a trajectories relation <, i.e.,

T(tid, T (order, z,y,T))

Figure 3 shows an example of a trajectories relation with a single nested relation.

3.2 Data Point and Trajectory Properties

In order to represent additional properties of a trajectory, we can add a relation
with properties referencing the trajectory relation. For properties that apply to
entire trajectories, we add a column to the properties relation for each property.
Trajectory properties can be added with two different scopes:

1. trajectory properties, for properties on entire trajectories.
2. point properties, for properties on trajectory points.
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begin|end | movement type begin|end |movement type
0 1 walking 0 1 walking
2 4 flying 2 4 flying
Fig. 4. Property relation for trajecto- Fig. 5. Query result when interpreting
ries (species) and points (movement consecutive point properties continu-
type). ously.

Figure 4 shows a trajectory property relation with one example column for
each property type. A trajectory property is shown in the species column. It
contains the type of animal, that was tracked for this trajectory. As a trajectory
property, its value applies to the entire trajectory. A point property enables the
storage of a specific property associated with a single point of the trajectory. The
column storing point properties contains a nested relation with the order of the
point and the corresponding property. It is important for the consistency of the
data model, to relate it to the order instead of the timestamp, to enforce that
properties always correspond to specific points of the trajectory. Point properties
can be helpful for properties that only apply to a few points. For example,
in the properties relation shown in Fig.4, the movement type column contains
information about how the bird is moving, e.g., flying or walking.

3.3 Segment Property Uncertainty

An inherent problem when representing the movement of an object using tra-
jectories is that observations can only be captured at distinct timestamps. How-
ever, the actual movement of an object is continuous. As such, when processing
a query, we cannot assume that any point properties also apply to locations on
the segments between two consecutive points. Figure5 shows a segment inter-
pretation of the point properties in Fig. 4. Between points 0 and 1, i.e., between
timestamps 110 and 120, the movement type property has the value “walking”
and between points 2 and 4, i.e., timestamps 130 and 150, the value “flying”.
Hence, whether the value “walking”, applies for timestamp 115 depends on the
semantics of the point property. Even so, no assumption can be made about the
value of the property, e.g., for the timestamp 125, i.e., it is uncertain at which
point in time the value of the property changes. Due to this uncertainty, we do
not consider this type of property in the data model. Instead, we consider such
properties only in the context of a query and we propose a strictness option in
Sect. 4.4 to deal with the uncertainty.

4 Spatio-Temporal Predicate Logic

The selection operator is an essential query operator in database systems that
filters tuples based on a given predicate. In this section, we introduce the spatio-
temporal selection o7 operator that performs a range selection over a set of
trajectories on the spatial and temporal dimensions. The operator applies a
spatio-temporal predicate P on a relation of trajectories €. The result is a subset
of the trajectories in T which satisfy P.
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Definition 2. Given a trajectories relation T, and a spatio-temporal predicate
P, the spatio-temporal trajectory selection o°T returns a relation that contains
every tuple tp in T for which the trajectory relation tp. T satisfies P, i.e.,

sch(opT (%)) = sch(%)
val(opT (%)) = {tp : tp € T A P holds for tp.T}

To express spatio-temporal predicates, we have designed a predicate notation
that works equally for the spatial and temporal dimensions. Our notation can
be used to define specific conditions on the points of trajectories. When using
a predicate in a selection operator, all of these conditions must be satisfied for
a trajectory to be in the result set. Additionally, multiple predicates can be
combined in conjunctive normal form. For example, let a query () be: “find all
trajectories in an region R during a time interval I”. Figures6 and 7 show a
visualization of the spatial and temporal portion of the query, respectively. In
the following subsections, we introduce our predicate logic and show how it can
independently solve the spatial and temporal parts of Q.

4.1 Spatial Predicates

The spatial part of a predicate is used to express a two-dimensional range query.
The predicates are applied to trajectories on a point level. The following objects
can be used in spatial predicates:

— T': The trajectory relation that contains all points in the trajectory,
— R: A geometric object,
— {pf,m} € T: The first and last point of the trajectory,

— Tﬁ =T\ {py,pi }: All points of the trajectory except the first and the last.

Without loss of generality, we consider the case of spatial range queries, where
R represents a region. While on a logical level, R can be any two-dimensional
shape, the nature of the physical implementation of the predicates can affect the
supported shapes of R. Furthermore, the calculation of the predicates changes
depending on whether R is, for example, a rectangle or a polygon. Since the most
common spatial range queries are bounding boxes, we focus on rectangle-shaped
regions in the upcoming examples.
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The relationship between points of a trajectory T and R can be expressed
with the following operators: contained (C), properly contained (C), and not
contained (7). The contained operator asserts that one or several points must
be inside R or on the border of R. It can be used to model the spatial portion
of query ) shown in Fig.6 by asserting that at least one point in 7" must be
contained in R with the predicate:

peT :pC R

In order to ensure that the entire trajectory 7' is contained in (or on the border
of) R, a predicate can be written as:

VpeT :pC R

The properly contained operator functions similarly to contained but excludes
points that lie on the border of R. In addition to expressing that points are
properly contained in R, properly contained can also be used in conjunction
with contained to express that points are on the border of R:

VpeT:pC RA-(pC R)

Lastly, the not contained operator enables the construction of predicates for
points that are disjoint from R:

VpeT:plZ R

For some complex spatial relations, it is necessary to address a trajectory’s
first or last parts specifically. To achieve this, we introduce two unique points,
py and p;, denoting the trajectory’s first and last points T', respectively. These
special points can be used, for example, to express that the beginning of T is
contained in R, but the end of T is not:

prCRADEZR

To enhance the conciseness of the formulas, we utilize the subset T of T
which includes all points except ps and p;. Using T' 7 A predicate for a trajectory
that starts and ends inside R, but has points outside of R is expressed as:

pf,plIZR/\EIpGTﬁ:pZR

4.2 Temporal Predicates

The operators introduced in Sect. 4.1 (C, C, i) for spatial predicates can also be
used to express the relationship between trajectories points and a time interval 1.
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In contrast to the two-dimensional region R, I is one-dimensional, which makes
the start and endpoints of I its border. Figure 7 shows the temporal part of query
(), where the border points of I are at timestamps 1 and 4. The temporal part
of () can be expressed with the introduced operators:

dJpeT:pC1

To effectively express temporal relations, we introduce two additional opera-
tors: p is before I (p < I), and p is after I (p > I). The operator p < I expresses
that point p is earlier on the time axis than the start of the interval I, for p > I,
p is after the end point of I. Therefore, both operators express that p is outside
of I. For example, a predicate for a trajectory that completely overlaps interval
I can be expressed as:

pr<IAp >1

4.3 Combining Spatial and Temporal Predicates

One strength of our predicate logic is its ability to combine spatial and temporal
predicates seamlessly. Users can express complex spatio-temporal queries involv-
ing the geometric characteristics of trajectories and their temporal evolution.

When looking at the example query ¢, we can now express the spatial and
temporal parts of the query. However, suppose we express both independently
from each other. In that case, we can see in Figs. 6 and 7 that T, intersects both
spatial region R, and interval I, but not in the same points. To properly express
Q, we need to define a predicate where a single point p of trajectory T is both
in R and I:

JpeT:pC RApC T

In our predicate logic, spatio-temporal predicates can be expressed easily because
the same operators can be used on both the spatial and the temporal dimensions.

4.4 Selection Uncertainty

As discussed in Sect. 3.3, the segments between individual points are not known
in trajectories. For the spatio-temporal selection, these unknown segments pose
a problem because the predicate operators introduced in Sects. 4.1 and 4.2 are
applied on sets of points. However, when using the concrete points of trajectories,
we are not examining the segment between points.

Figure 1 shows a bird’s trajectory 7" and a query region R. To check whether a
trajectory T intersects with a region R, assume a predicate Q1 =dp €T :pC R,
which checks if T has a point which is contained in R. On a point-by-point
evaluation, T' does not satisfy ¢q; because all points of T' lie outside of R, even
though we can see in Fig. 1 that the interpolation of 7" intersects R. The same
uncertainty also exists in the inverse query, when checking whether 7" does not
intersect R with the predicate Q2 =Vp e T : p [ R.

To tackle this uncertainty in the spatio-temporal predicates, we propose a
strictness parameter, added to the predicates, to define how ambiguous trajec-
tories will be treated for each predicate. We identify three degrees of strictness:
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Fig. 8. Visualizations of DE-9IM relationships with their equivalent predicates.

— The strict evaluation of predicates considers only the points of the trajectory.
In the example above, the strict evaluation of ); does not match 7', while
()2 does match T'.

— The relared evaluation of predicates assumes that there are infinitely many
intermediate points on the straight line segments between pairs of consecutive
points in trajectories, thereby assuring that all intersections between 7' and
R are considered. In the example above, the relaxed evaluation of ()1 matches
T, while ()2 does not match 7.

— The approximated evaluation allows users to inject custom behavior into the
predicates for cases where the strict and relaxed evaluations are not sufficient,
e.g., for restricted trajectories.

With the strictness parameter, the user can define in a query whether the tra-
jectory should be evaluated as a set of points (strict), as a continuous movement
(relaxed), or by using some user-define assumption about the movement of the
object (approximated). As investigating multiple assumptions for the approzi-
mated evaluation is out of the scope of our paper, we focus on strict and relaxed
evaluation. This strictness parameter applies for spatial predicates as well as for
the segment properties described in Sect. 3.3.

5 Proof of Concept

In this section, we demonstrate the completeness of our predicate operators,
introduced in Sect.4 for spatio-temporal range queries by establishing their
equivalence and compatibility with established relationship models.

Regarding spatial relations, we consider the Dimensionally Extended Nine-
Intersection Model (DE-9IM) [11], a widely utilized topological model to define
and reason about spatial relationships between geometric shapes. The model
defines nine intersection patterns regarding the interior, boundary, and exterior
between two geometric objects in two dimensions to characterize their spatial
relation. Note that in case one of the geometric objects as a linestring, e.g.,
the spatial component of a trajectory, the interior is the linestring itself, and
the boundary is empty. While the DE-9IM consists of 6,561 distinct relations
between pairs of shapes, Zlatanova et al. [32] demonstrate that only 19 relation-
ship types are necessary to model all possible relationships between polygons and
linestrings. Since in our problem setting spatial range queries are relationships
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Fig. 9. Example visualizations of time intervals with their equivalent predicates.

between polygons and linestrings, our predicate logic can be considered complete
because it can express the 19 relations mentioned above. Figure 8 demonstrates,
with five examples, how DE-9IM relationships can be expressed as predicates.

Regarding temporal relations, we focus on Allen’s Interval Algebra 1], which
provides a formal framework for representing and reasoning about temporal
intervals. The algebra defines thirteen possible binary relations between time
intervals. With our temporal predicates it is possible to express all interval rela-
tions defined in Allen’s Interval algebra. Figure 9 shows three examples of interval
relations expressed as predicates. Due to space limitations, for the complete list
of DE-9IM and Allen’s Interval Algebra relations along with the corresponding
predicates, we refer to the extended version of our paper [5].

As a proof of concept, we consider the spatio-temporal range query and we
show how we can express the spatial and temporal predicates in the NF? algebra.

Definition 3 (Spatio-temporal Range Query). Given a trajectories rela-
tion T(tid, T'(order, x,y,T)) a spatial region R, a time interval I, a spatial pred-
icate Ps, and a temporal predicate P, a spatio-temporal range query returns all
tuples tp € T such that the sequence of x-y coordinates of tp. T and R satisfy Ps,
and the sequence of timestamps T of tp.T" and I satisfy P;.

For instance, the relation containing the set of z-y coordinates of a trajectory
with tid =1 is

i, yl(pr (o[tid=1](x[tid, w[z, y| (T)](F))))-

Spatial Trajectory Selection in NF2. We begin by showing how NF? algebra
can be used to answer queries involving spatial predicates. Note that relation-
ships which involve points or lines lying on the border of a query region are
not very useful in practice. Hence, due to the limited space, we focus on the
five relationships that do not involve points or lines on the border of the query
region, i.e., R031, R179, R223, R247, and R255%. Without loss of generality, we
consider the query region to be a rectangle R = (Zmin, Ymin, Tmazs Ymaz )-

We begin with relations R179, R247, and R255. For these relations, the alge-
braic expressions for both strict and relaxed evaluation are the same. Wherever
necessary in the following examples we have:

Ptirst =clorder = 1](T")
Past =c|order = max(w[order](T"))|(T)

? The DE-9IM relation numbers are based on Zlatanova et al. [32].
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Ezxzample 1. Given a trajectories relation ¥ and a query rectangle R, the rela-
tionship R179 returns all trajectories/tuples tp € ¥ such that the trajectory T
lies completely inside R. The NF? algebra expression for this query is

opire. R = OlTmin<min(x[z](T)) A Ymin < min(x[y](T))A

Tmaz > max(7[z](T)) A Yymaz > max(w[y](T)) [(T)

Ezxzample 2. Given a trajectories relation € and a query rectangle R, the rela-
tionship R247 returns all trajectories tp € T the starting point p; and the ending
point p; lie completely inside R and there exists at least one point p of ¢ that
lies outside R. The NF? algebra expression for this query is

ohoar i = OT[@)(Prirst) >Tmin A 7] (Prirst) <Tmaz/
Y] (Prirst)>Ymin A TYI(Prirst) <Ymaz/\

2| (Prast)>Tmin N T[] (Plast) <Tmaz/\
[y](Plast)>ymin A ﬂ'[y](Plast)<ymam A (
min(7[z)(T))<Tmin V max(m[z](T)) > maz V
min (7 [4](T)) <min V mx(2[3] (T))>mas) I(5)

3

™

Ezxample 3. Given a trajectories relation ¥ and a query rectangle R, the relation-
ship R255 returns all trajectories tp € T the starting point p; of which lies inside
R and the ending point p; of which lies outside R. The NF? algebra expression
for this query is

0255571% = U[W[x](Pfirst)>xmin A 77[5‘7](Pfir’slt)<33maa:/\

7Y (Prirst) >Ymin A TY|(Prirst) <Ymaz A (
min(7w[z](Past)) <Tmin V max(m[x](Past))>Tmaaz V
min(7[y](Plast)) <Ymin V max(7[y](Past))>Ymaz) |(F)

We now focus on relations R031, and R223. As shown in Fig. 8, in order to
apply the relaxed evaluation of these predicates, one must check every line seg-
ment form by consecutive trajectory points. In order to enable the examination
of trajectory line segments, we define the following relation that we use in the
subsequence examples:

ngmt :W[T.OTdGT, T.QJ’, T-y7 T/..’,E, T/y] (T D}AT . order+1=T".order T/)

Ezxample 4. Given a trajectories relation ¥ and a query rectangle R, the rela-
tionship R0O31 returns all trajectories tp € T that lie completely outside R. For
the strict evaluation, it is sufficient to check that all points of each T lie outside
R. As such, the NF? algebra expression for this query is

0%31,]% =0o[count (o [Tmin<T A Ymin<Y A Tmaz>T A Ymaz>Yy](T)) = 0](T)

For the relaxed evaluation, we also need to check that none of the segments of
T in Ty intersect R.
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Ezxample 5. Given a trajectories relation ¥ and a query rectangle R, the rela-
tionship R223 returns all trajectories tp € ‘€ the starting point py and the ending
point p; of the associated trajectory 7' that lie outside R and T intersects R.
For the strict evaluation, it is sufficient to check that ps and p; lie outside R
and there is at least one point of T' that lies inside R. As such, the NF? algebra
expression for this query is

0}9523,3 =0 [( 7[2](Prirst) <Tmin V T[Y](Pfirst) <YminV
T[@)(Pirst)>Tmaz V T[Y|(Prirst) >Ymaz )N\
(7[2](Plast) <Tmin V 7[Y](Plast) <YminV
72 (Plast)>Tmaz V T[Y)(Plast)>Ymaz )\
count (o [x>Tmin A Y>Ymin N T<Tmaz N Y<Ymaz](T))>0 (%)

For the relaxed evaluation, in the case where count = 0 we need to check whether
at least one of the segments in T, intersects R.

Temporal Trajectory Selection in NF2. We now show how the NF? algebra
can be used to answer queries involving temporal predicates. Due to the limited
space, similar to the spatial trajectory selection, we focus on relationships that
do not consider points lying at the start or the end of a given interval. Hence, we
focus on the relationships precedes, overlaps with, and is during. Without loss of
generality, we consider the query interval I = (75, 7¢).

Ezxample 6. Given a trajectories relation ¥ and a query interval I, the precedes
relationship returns all trajectories tp € T with a last point that has a timestamp
before the starting timestamp 7, of the interval I. The NF? algebra expression
for this query is

5T = o[max(n[T](T)) < 75|(%).

precedes, I

Ezample 7. Given a trajectories relation € and a query interval I, the overlaps
with relationship returns all trajectories tp € T for which the timestamp of the
first point is before the start 7, of the interval I, and the timestamp of the
last point is after 7, but before the end 7. of the interval I. The NF? algebra
expression for this query is

O overtaps with.s = omin(r[r)(T)) < 7o Amax(x[7)(T)) > 7o A min(x[7](T))<7](%).

Ezxample 8. Given a trajectories relation ¥ and a query interval I, the is during
relationship returns all trajectories tp € T for which both the timestamp of the
first point and the timestamp of the last point are after the start 75 of the interval
I and before the end 7. of I. The NF? algebra expression for this query is

ST ; =omin(r[r|(T)) > 7 A max(w[T](T)) < 7] (F).

overlaps with,

In a similar fashion, we can define the mirrored relationships is preceded by,
18 overlapped by, and contains. Note that for the temporal dimension, there is
no difference between the strict and the relaxed evaluation since we only need
to consider the start and the end timestamp of a trajectory.
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6 Conclusion

This paper proposes a formal data model and predicate logic for unified trajec-
tory data management. Introducing a novel data model rooted in the NF? rela-
tional data model, we merge spatial, temporal, and application-specific attributes
of trajectories. Our unified spatio-temporal predicate logic handles uncertainty
in sampled trajectory data by accommodating varying levels of strictness.

Regarding future work, this paper lays the formal foundation for a query
broker for trajectory data. Additionally, we aim to design a specialized query
optimization framework to improve the broker’s efficiency and scalability in han-
dling complex trajectory queries, paving the way for enhanced trajectory data
management and analysis capabilities.
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