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ABSTRACT

Managing movement datdfeiently often requires the exploita-
tion of some indexing scheme. Taking into account the kind of
queries issued to the given data, several indexing strestoave
been proposed which focus on spatial, temporal or spatipoeal
data. Since all these approaches consider only raw dataahgio
objects, they may be well-suited if the queries of interesttain
concrete trajectories or spatial regions. However, if therg con-
sists only of a qualitative description of a trajectory,. dog stating
some properties of the underlying object, sequential soarthe
whole trajectory data are necessary to compute the propmsmyn

if an indexing structure is available.

The present paper presents some results of an ongoing wak on
data structure for Trajectory Indexing using Motion Prapén-
formation (TrIMPI). The proposed approach is flexible sirtca-
lows the user to define application-specific properties ajetto-
ries which have to be used for indexing. Thereby, we show how
to eficiently answer queries given in terms of such qualitative de
scriptions. Since the index structure is built on top of nady data
structures, it can be implemented in arbitrary databasexgement
systems.
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1. INTRODUCTION AND MOTIVATION

Most index structures for trajectories considered in ttegditure
(e.g. [8]) concentrate on (time dependent) positional ,da@i R-
Tree [9] or TPR*-Tree[[1l7]. There areftirent approaches (e.g.
[2], [12]) exploiting transformation functions on the angl data
and thereby reducing the indexing overhead through “light v
sions” of the trajectories to be indexed. In these apprcaongy
stationary data is being handled. In cases where the quarias
terest consist of concrete trajectories or polygons cogetfiem,
such indexing schemata as well as trajectory compressidn te
niques (e.g.[11][16],[10],/112]/T13]) may be well-suiteHowever,
there are application$ [14] where a query may consist onlg of
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qualitative description, e.geturn all trajectories where the under-
lying object slowed down (during any time interval) and afteat

it changed its courseObviously, the motion propertiedowdown
andcourse alteratioras well as their temporal adjustment can be
computed using formal methods. The crucial point is thagne¥

an indexing structure is used, the stated properties musbive
puted for each trajectory and this results in sequentiai(sgan
the whole trajectory data. Time consuming processing ofigsie
is not acceptable, however, in a scenario where fast reagotion-
coming data streams is needed. An example of such a sitwaition
so-calledrackscomputed from radar and sonar data as input is the
detection of patterns of skKimovements typical for many piracy
attacks|[[14]. Atrack comprises the position of an object at a time
moment and can hold additional information e.g. about itsecu
course and velocity. Gathering the tracks of a single olgeet a
time interval yields its trajectory over this interval.

To address thefeciency problem, we propose an indexing scheme
which is not primarily focused on the “time-position datd"tma-
jectories but uses meta information about them instead.

We start with a discussion of related work in Section 2. $ac8
provides some formal definitions on trajectories and theitiom
properties. In section 4 we introduce the indexing schesfit
and illustrate algorithms for querying it. Section 5 sumizes the
present work and outlines our future work.

2. RELATED WORK

In this section we provide a short overview on previous gentr
butions which are related to our approach. We start themecti
by reviewing classical indexing structures for moving algedata.
Next to this, we show an approach which is similar in genenaths
to the proposed one and finally we review literature relatese:
mantical aspects of moving objects.

2.1 Indexing of Spatial, Temporal and Spatio-

Temporal Data

The moving object databases community has developed $evera
data structures for indexing movement data. Accordingltdti@se
structures can be roughly categorized as structures ingexily
spatial data, also known apatial access methodSAM); index-
ing approaches for temporal data, also knowrteasporal index
structures and those which manage both - spatial and temporal
data, also known aspatio-temporal index structure€One of the
first structures developed for SAMs is the well-known R-Tj@je
Several extensions of R-Trees have been provided over tirs,ye
thus yielding a variety of spatio-temporal index strucsurén in-
formal schematic overview on these extensions, includisg rew
developments as the HTPR*-Tree [7] can be found.in [11]. &inc
all of the proposed access methods focus mainly on the ratiospa



temporal data, they are well-suited for queries on histémyave-
ment and predicting new positions of moving objects, or ot r
turning most similar trajectories to a given one. If a quergsists
only of a qualitative description, however, all the propbssdex-
ing structures are of no use.

2.2 Applying Dimensionality Reduction upon
Indexing - the GEMINI Approach

The overall approach we consider in this work is similar te th
GEMINI (GEneric Multimedia INdexIng method) indexing sche
presented in[6]. This approach was originally proposedifoe
series and has been applied later for other types of data,faerg
motion data in[[15]. The main idea behind GEMINI is to reduue t
dimensionality of the original data before indexing. THererep-
resentatives of much lower dimensionality are createdHerdata
(trajectory or time series) to be indexed by using an apjptgpr
transform and used for indexing. A crucial result[in [6] iatlhe
authors proved that in order to guarantee no false disrsi{#z],
the exploited transform must retain the distance (or sitypof
the data to be indexed, that is, the distance between repatises
should not exceed the distance of the original time series.
In the mentioned approaches, the authors achieve encogresyi
sults on querying most similar trajectories (or time sgiies given
one. However, since the representatives of the original alia tra-
jectories or time series, respectively, evaluating a qudrigh only
describes a motion behavior would result in the inspectiballo
representatives.

2.3 Semantical Properties of Movement

Semantical properties of movement data have been condittere
various works, e.g. in[2][5], and [15].
The authors of [2] propose a spatio-temporal representatibeme
for moving objects in the area of video data. The consideepd r
resentation scheme distinguishes between spatio-teirgenta of
trajectories and their topological information, and alsitzes in-
formation about distances between pairs of objects. Thelagp
ical information itself is defined through a set tipological re-
lations operatorexpressing spatial relations between objects over
some time interval, includinéaraway; disjoint, meet overlap is-
included-byincludesandsame
In [5], a comprehensive study on the research that has begeda
out on data mining and visual analysis of movement patteass h
been provided. The authors propose a conceptual framework f
movement behavior of fierent moving objects. The extracted be-
havior patterns are classified according to a taxonomy.
In [15], the authors provide some aspects related to a sevaew
of trajectories. They show a conceptual approach for hgedrary
behaviors can be described by predicates that involve mesem
attributes angbr semantic annotations. The provided approach is
rather informal and considers behavior analysis of movinigas
on a general level.

3. FORMAL BACKGROUND

This section provides the formal notions as well as the défirs
needed throughout the rest of the paper. We start with the ter
trajectory and then direct later our attention to motion properties
and patterns.

3.1 Trajectories

In our approach we consider the trajectegyof an objecto sim-
ply as a function of time which assigns a positiorotat any point
in time. Since time plays only a role for the determinationesfi-
poral causality between the positions of an object, we abtstrom

“real time” and use angime domairinstead. Atime domairis any
set which is interval scaled and countably infinite. The fiest
quirement ensures that timestamps can be used for orderthg a
furthermore, that the “delay” between two time assignmeais
be determined. The second requirement ensures that we have a
infinite number of “time moments” which can be unambiguously
indexed by elements af. In the following we denote a time do-
main by T.

Since objects move in a space, we also need a notion$paa
tial domain In the following, let S denote the spatial domain. We
require that S is equipped with an adequate metric, suctedsSith
clidean distance (e.g. for SR x R), which allows us to measure
the spatial distance between objects.

Having the notions of time and space we can define formally the
termtrajectory.

Definition 1. Let T, S andO denote a time domain, a space do-
main and a set of distinct objects, respectively. Thiea trajectory
7, Of an object ce O is a functionr, : T — S.

For brevity, we can also write the trajectory of an object O
in the form @, to, ), (0,11, 1) . . . for thoset € T wherer,(t) = sis
defined. A single elemenb(t;, s) is called thetrack of object o at
time .

3.2 Motion Patterns

We consider a motion pattern as a sequence of properties of
trajectories which reveal some characteristics of the \iehaf
the underlying moving objects. Such properties may be agget
through any predicates which are important for the paricahal-
ysis, such astart, stop turn, or speedup

Definition 2. Let T be a time domair be the set of trajectories
of an object seD over T, andl; be the set of all closed inter-
vals over T. Amotion propertyon T is a functionp : 2% x I+ —
{true, falsg.

That is, a motion property is fulfilled for a set of trajecewsiand
a certain time interval if the appropriate predicate iss$itil. To
illustrate this definition, some examples of motion projesriare
provided below:

e Appearance: Lett € T. Then we define appear{ as
follows: appear(,},[t,t]) = true © Yt € T : 7,(t') #
undefined— t < t’. That is, an object “appears” only in the
“first” moment it is being observed.

e Speedup: Letty,t; € T andt; < t,. Then speedup() is de-
fined as follows: speedufat}, [t1,1t2]) = true & (o, 1) <
V(to, ) AVE e Tt <t < tp — (1o, t1) < V(T0,t) < (70, 12)
wherev(t,, t) denotes the velocity of the underlying moving
objecto at timet. That is, the predicate speedup is satisfied
for a trajectory and a time interval if and only if the velgcit
of the underlying object is increasing in the considerecdetim
interval. Note that the increase may not be strictly mono-
tonic.

e Move away: Letty,t, € T andt; < t,. Then we define:
moveaway(ro,, To, ), [t1,12]) =true & Vi,t' e T 1t <t <
t < tp — dist(re,, 7q,, 1) < dist(te,, 7o,,t') Where the term
dist(ro,, 7o,, t) denotes the distance between the underlying
moving objectso; ando, at timet. That is, two objects are
moving away from each other for a time interval, if their dis-
tance is increasing during the considered time interval.
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Figure 1. Overview of theindex structure

Using motion properties, motion patternof a single trajectory
or a set of trajectories is definedasequence of motion properties
ordered by the time intervals in which they are fulfilléds impor-
tant to note, that this common definition of a motion pattdiows
multiple occurrences of the same motion property in the secgL
In order to get a well-defined notion it has to be required that
time intervals in which the motion properties are fulfilleg alis-
joint or that meaningful preferences on the motion propsrare
specified in order to allow ordering in case the time intesaler-
lap.

4. TRAJECTORY INDEXING USING MO-
TION PROPERTIES

In this section we explain how the proposed index is being cre
ated and used. Index creation starts with the determinafidhe
motion pattern of each trajectory to be indexed. For thippse,
the motion predicates specified by the user are computedreFhe
sulting motion patterns are indexed with references to thgral
trajectories.

The resulting index is schematically depicted in FigurerdMPI

consists mainly of a data structure holding the raw trajgatiaita,
and secondary index structures for maintaining motionepast
Thereby, we dferentiate between indexing single motion proper-
ties and indexing motion patterns.
A query to the index can be stated either through a motioe patr
through a concrete trajectory. The index is searched folom@iat-
terns containing the given one or the computed one, respéctin
both cases, the associated trajectories are returned.olibeihg
subsections consider the outlined procedures more phecise

4.1 Indexing Trajectory Raw Data

Since the focus of TrIMPI is not on querying trajectories by e
ample, the index structure for the raw trajectory data caratier
simple. For our implementation, we consideremiagectory record
file as proposed by [3]. This structure (Figlife 1) stores trajezst
in records of fixed length. The overall structure of the resas as
follows

[ 1D, | next ptr | prev ptr | {track, ..., trackum1} |

1D, denotes the identifier of the underlying moving objeetxt ptr
andprev_ptr are references to the appropriate records holding fur-
ther parts of the trajectory, arfttacky, . ..,track,ym 1} is a list of
tracks of a predefined fixed lengttum If a recordr; for a tra-
jectory 7, gets filled, a new record, is created forr, holding its
further tracks. In this cas@ext ptr,, is set up to point tg;, and
prev_ptr;; is set up to point to;.

Using a trajectory record file, the data is not completelsidted,

but choosing appropriate record size leads to partial efusg of

the trajectory data in blocks. This has the advantage thedaax
ing the complete trajectory requires only loading as muokHks as
needed for storing a trajectory.

4.2 Indexing Motion Patterns

For the maintenance of motion patterns we consider two cases
single motion properties and sequences of motion proger&tor-
ing single motion properties allows théieient finding of trajec-
tories which contain the considered motion property. Thiad-
vantageous if the searched property is not often satisfieds,Tfor
each motion property a “list” DBT, holding all trajectories sat-
isfying this property is maintained. As we shall see in Algon
[43, we have to combine such lists and, thus, a simple urstiste
would not be very favourable. Therefore, we implement thisse
through B'-Trees (ordered by the trajectgopject identifiers). An
evaluation of union and intersection of twd-Brees withm andn
leaves can be performed @(mlog =) [4].

The search for motion patterns with more than one motiongatgp
can be conducted through the sin§lBT, structures. However, if
the query motion pattern is too long, too many intersectifrtbie
DBT, structures will happen and the resulting trajectories lnélle
to be checked for containing properties that match the givdar,
as well. To overcome this problem, sequences of motion ptiege
are stored in an additional'BTree structurd®BT. The elements of
DBT have the form§, 7,) wherep is a motion pattern, and € O.
To sort the elements dDBT, we apply lexicographical ordering.
As a result, sequences with the same prefix are stored consecu
tively. Thus, storing of motion patterns that are prefixeotbfer
motion patterns can be omitted.

4.3 Building the Index

The algorithm for the index creation is quite simple. It detss
primarily of the following steps:

e Determine the motion properties for each trajectgryCon-
sider, if needed, a sliding window or some reduction or seg-
menting technique as proposed [in [1], [6]. [10].[12].1[13],
for example. Generate a listof the motion properties af,,
ordered by their appearancerin

e Storer, into the trajectory record file.

e Apply Algorithm[4.] to f to generate access keys relevant
for indexing.

e For each generated access key, check whether it is already
contained in the index. If this is not the case, store it in the
index. Link the trajectory record file entry of to the access
key.

Algorithm[4.] is used to generate index keys of a pattern.niiex
key is anysubpattern p= () of a patternp = (p){.y which is
defined as follows:

o Foreachj <m-1existsi < n-1such thap; = p;

e For eachj,k such that O< j < k < m- 1 existi, | such that
O<i<l<n-1landp;=p andp = p.

To generate the list of index keys, algoritfiml4.1 proceeeisit
tively. At each iteration of the outer loop (lines 3 to 16) tilgo-

rithm considers a single elemepof the input sequencé. On the

one handp is being added as an index key to the (interim) result
(lines 14 and 15) and on the other hand it is being appended as a
sufix to each previously generated index key (inner loop - lines 5
to 13). Algorithm[4.1 utilizes two sets whose elements as lof



motion properties supplist andentries. The setsupplist
contains at each iteration the complete set of index keysdudn
ing those which are prefixes of other patterns. The=aeties is
built in each iteration of the inner loop (lines 5 to 13) by apging
the current motion property of the input sequence to any ehtm
of supplist. Thereby, at line 14ntries holds only index keys
which are no prefixes of other index keys. Since the resultitg
of index keys are stored in aBlree by applying a lexicographical
order, sequences of motion properties which are prefixeshefro
sequences can be omitted. Therefore, theeseties is returned
as final result (line 17).

Since the given procedure may result in the computation abup
2% different indexing keys for an input sequence wighmotion
properties, a global consta@tis used to limit the maximal length
of index keys. Using an appropriate value @ieads to no draw-
backs for the application. Furthermore, the proposed dogi-
gorithm can handle queries longer thHan

Algorithm 4.1 Building the indexing keys

Require: f is a sequence of motion properties
Require: G is the maximal length of sequences to be indexed
1 function createlNDEXKEYS(f)

2 supplist— empty set of lists
3 forallace fdo
4 entries«— empty set of lists
5 for all | € supplistdo
6 new«— empty list
7 if Il < Gthen
8 new« |.append(a)
9 else
10 new« |
11 end if
12 entries— entriesu {new
13 end for
14 entries«— entriesu {[a]}
15 supplist— entriesu supplist
16  endfor
17  returnentries

18 end function

4.4 Searching for Motion Patterns

Since the index is primarily considered to support queriese
quences of motion properties, the appropriate algorithnetal-
uating such queries given in the following is rather simgeits
“basic” version, query processing is just traversing thieeinand re-
turning all trajectories referenced by index keys whichtaonthe
queried one (as a subpattern). This procedure is illustiatalgo-
rithm[4.3. There are, however, some special cases whichtbave

Algorithm 4.2 Basic querying of trajectories with a sequence of
motion properties

Require: s is a sequence of motion propertigs< G
Require: DBT is the index containing motion patterns
1 function GerEntrIESFROMDBT(S)
2 resulte {ro | Aps.t.s< pA(p, 7o) € DBT)
return result
4 end function

be taken into account. The first of them considers query segse
which are “too short”. As stated in Sectibn4.2, it can be adva
tageous to evaluate queries containing only few motion gntogs
by examination of the index structures for single motionpge
ties. To be able to define an application specific notion obfth
queries, we provide besid€san additional global parameterfor
which holds 1< @ < G. In algorithm[4.38, which evaluates queries
of patterns of arbitrary length, each pattern of length wrdhana

is being handled in the described way (lines 3 to 8). It is irtgoat

that each trajectory of the interim result has to be checKeekker

it matches the queried pattern (lines 9 to 13).

The other special case are queries longer élimes 16 to 24). As
we have seen in algorithin 4.1, in such cases the index keysiare
to prefixes of lengtl. Thus, the extraction in this case considers
the prefix of lengthG of the query sequence (lines 17) and extracts
the appropriate trajectories (line 18). Since these trajiexs may
still not match the query sequence, e.g. by not fulfilling safthe
properties appearing on a position afger 1 in the input sequence,
an additional check of the trajectories in the interim resuinade
(lines 19 to 23).

The last case to consider are query sequences with lengtiedet

a andG. In these cases, the ind®8T holding the index keys is
searched through a call to algorithm14.2 and the result ismed.
Finally, the functionMatch (algorithm[4.4) checks whether a tra-

Algorithm 4.3 Querying trajectories with a sequence of arbitrary
length

Require: sis a sequence of motion properties
Require: G is the maximal length of stored sequences
Require: DBT,, is the index of the propertp
Require: 1 < a < G maximal query length for searching single property indexes
1 function GerEnTRIES(S)
result— empty set
if |sl < a then
result— T

2
3
4
5 for all p e sdo
6
7
8
9

suppsek DBT,
result < resultn suppset
end for
for all 7, € resultdo

10 if I match(,, s) then

11 result— result\{ro}

12 end if

13 end for

14  dseif |3 < G then

15 result — GetEntriesFromDBTS)
16 dse

17 k— §0.G—-1]

18 result — GetEntriesFromDBTK)
19 for all 7, € resultdo

20 if I match(,, s) then

21 result— result\{ro}

22 end if

23 end for

24 end if

25  returnresult

26 end function

jectory 7, fulfills a patterns. For this purpose, the list of motion
properties ofr, is being generated (line 2). Thereafteand the
generated pattern ef, are traversed (lines 5 to 14) so that it can be
checked whether the elementso€an be found in the trajectory
pattern ofr, in the same order. In this case the functitatch
returnstrue, otherwise it return€alse.

5. CONCLUSIONSAND OUTLOOK

In this paper we provided some first results of an ongoing work
on an indexing structure for trajectories of moving objexafied
TrIMPI. The focus of TrIMPI lies not on indexing spatio-teopl
data but on the exploitation of motion properties of movibgeats.

For this purpose, we provided a formal notion of motion prepe
ties and showed how they form a motion pattern. Furthernveee,
showed how these motion patterns can be used to build a meta in
dex. Algorithms for querying the index were also providea |
the next steps, we will finalize the implementation of TriMVd#d
perform tests in the scenario of the automatic detectioniratp at-
tacks mentioned in the Introduction. As a conceptual imenaent

of the work provided in this paper, we consider a flexibilisatof



Algorithm 4.4 Checks whether a trajectory matches a motion pat-
tern

Require: 7, is a valid trajectory
Require: sis a sequence of motion properties
1 function marcu(t,, S)

OONOOTAWN

motion _properties«— compute the list of motion properties of
index s« 0
index props«< 0
whileindex props< motion propertieslengthdo
if motion propertiegindex propg = g[index s then
index s « index s+ 1
else
index props« index props+ 1
end if
if index s = slengththen
returntrue
end if
end while
return false

16 end function

the definition of motion patterns including arbitrary terrglaela-
tions between motion predicates.
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