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Abstract

In this paper we present two dynamical topologi-
cal predicates: moving_along and moving towards and
we address their efficient management for notification
purposes in Moving Objects Database (MOD) settings.
We present efficient algorithmic solutions and based on
this, we also take a deeper insight in the behavioral as-
pects of a MOD which manages such predicates. We ar-
gue that the traditional ECA (Event Condition Action)
paradigm is not well-suited to ensure proper efficient re-
active behavior and we introduce the (EC A)? (Evolving
and Context-Aware Event-Condition-Action) paradigm
as a tool for specification of the behavior of MOD which
handle requests that span over a time-interval in dy-
namic environments.

1 Introduction and Motivation

One of the important aspects of applications like
mobile tour guides, dynamic service discovery, on-time
information delivery, digital battlefields [4, 8, 14, 19],
is the mobility of the users. An essential enabling tech-
nology for these applications is location management
[21, 23], which is, the management of the transient lo-
cation information of the objects involved. However,
another important aspect for these application is the
context awareness. First introduced in [22], and sub-
sequently refined (c.f. [1]), context is basically any in-
formation pertaining to a given situation, which can
be used to characterize an entity. For example, the
GUIDE project [8], which guides city visitors equipped
with a hand-held device, distinguishes between per-
sonal: (preferences, location, attractions visited, etc);
and environmental: (time of day, attraction’s opening
time, etc.) contexts. In a typical scenario of a person
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driving in a given region, the user has static demands,
based on his profile (e.g. a type of restaurant, budget,
etc.) and he needs to be notified when they are in cer-
tain proximity of his evolving position. That person
may also have dynamic information demands — func-
tion both of his location and the dynamic environmen-
tal conditions (e.g., road accident) for which he needs
to be notified too (c.f., IN:SIGHT system [17]). Re-
quests for notifications are, typically, of two kinds [23].
In a pull mode, an end user explicitly asks for informa-
tion stored in the data sources, e.g., nearest gas station.
In a push mode, the system sends relevant information,
for which the user may have subscribe beforehand — ac-
cording to the profile, context, and so on — without the
user asking explicitly for it. In this case information
filtering and delivery is handled by alerting systems
or Event Notification Systems (ENS) [14]. However,
existing systems [8, 14, 17, 19] have only limited capa-
bilities of matching the dynamics of the location with
a static set of preferences.

Location-based services require effective integra-
tion of information originating from a number of data
sources, e.g., databases about mobile users, environ-
mental conditions, etc. Clearly, an important com-
ponent is a Moving Objects Database (MOD), which
stores the (location,time) information of the mobile
entities and has the ability to process various re-
quests (query and/or notification) pertaining to the
whereabouts-in-time of the entities involved. Database
researchers have addressed many issues related to mod-
eling and querying moving objects (see the collection
[16] and the references therein). However, the dynam-
ics of the environment requires a reactive behavior of
the underlying MOD with respect to the pending users
requests, which was addressed only recently [18, 25, 27].
Unlike the traditional database applications where the
queries are instantaneous, many queries of interest to



MOD are continuous and/or persistent (they span over
a time-interval and/or require re-evaluation over the
history (c.f. [24]) and, due to the dynamics of the en-
tities involved, their answers change over time.

Our main goal is to address the efficient reactive man-
agement of notification requests in MOD, considering
the impact of the ewvolution of various context dimen-
sions. In order to focus the discussion, we analyze two
predicates, moving along and moving towards, which
are of interest not only for the typical ENS application
scenarios [14, 17, 19] but also for applications like emer-
gency response, homeland security and digital battle-
field [4]. Our main contributions are:

1. We show that the traditional approaches for han-
dling the moving along and moving towards are defi-
cient for ENS which depend on the dynamics of the
objects and their relationship with the environment.
2. We present efficient algorithms for processing of
these predicates, based on computational geometry,
and we address the efficiency of their managing from
the MOD perspective, using dynamic triggers.

3. We introduce a new paradigm for expressing re-
active behavior in MOD. Our model is geared specifi-
cally towards heterogeneous environments, where the
dynamic information may be coming from sensors,
GPS devices, MOD, traditional databases changing
with time, etc. As such, our model explicitly allows
for self-modifying triggers which take into account the
evolving relationships between context-variables in var-
ious databases. We call our paradigm FEvolving and
Context-Aware Event-Condition-Action — (EC A)?

The rest of this paper is organized as follows!. In
Section 2 we give a preliminary background. Section 3
introduces the two new predicates and addresses their
efficient processing from two perspectives — algorithms
and (reactive) behavior of the MOD. We use these to
motivate the (ECA)? paradigm, which is introduced
in Section 4. Finally, Section 5 offers our concluding
remarks and discusses related works.

2 Preliminaries

The representation of the object’s motion in MOD
is based on some model of the transient (location,time)
information and different application domains have
adopted different models. The typical assumption is
that each moving object is equipped with some mini-
mal processing power, e.g., an on-board GPS to detect
its location and the ability to transmit it, along with

1Due to lack of space, we omit the technical details, which
can be found in [26], along with the full list of references.
The report is available at http://www.ece.northwestern.edu/ pe-
ters/contextMOD/

transmitting requests and receiving answers to/from
the MOD. In this work, the object is assumed to (peri-
odically) send updates of its location which is detected,
for example, by its on-board GPS. The future of the
object is unknown and the past motion of the object is
represented as a sequence of 3D (2D geography + time)
points of the form (x;,y;,t;). The intended meaning is
that the object was at location (z;,y;) the time-instant
t;- Between two points the object is assumed to move
along a straight line and with a constant speed which
implies that its motion is modeled as a polyline in the
3D space.

We focus on Requests for Notification (RN) in a
push-mode and, as usual, an event denotes an occur-
rence of “something of interest”, e.g., a predicate be-
coming satisfied or a detection of an occurrence of ex-
ternal stimuli. We assume a distinct set of primitive
events, which are pre-defined by the system [6]. An
event’s occurrence is assumed instantaneous, in a dis-
tinct time-value, and is registered with the system until
deleted. We also assume availability of an event algebra
which enables specifications of composite events using
the primitive ones (e.g., E = e1; e2 — sequence — mean-
ing that E is detected whenever es occurs, following
an occurrence of e1), with an underlying mechanism
for their detection (e.g., Event Graphs [6]).

3 Dynamics of the Topological Predi-
cates and Reactive Behavior

Now we introduce two predicates and for each of
them we identify the issues relevant for their process-
ing from two perspectives: operational (or, algorithmic)
efficiency and behavioral, in the sense of efficient and
correct reactive behavior of a MOD.

3.1 The Moving_Along Predicate

In spatial settings, the alongnes property has been
investigated both from topological (the 9-intersection
model in [15]) and spatial database [11] perspective.
When it comes to “alongness” in mobile environments,
in reality one cannot expect that a mobile user, say,
driving a car, can move ezxactly along a river. Thus,
we introduce a distance threshold d with its intuitive
meaning that for as long as the object is within distance
d from a given 2D polyline P, we will assume that
it is moving “along” it. We are also interested if the
predicate is satisfied within a portion At of a time-
interval [t1,%2]. As a particular example, consider the
following;:

RN2: “Notify me when the object objy is moving along
the polyline P and within distance d less than 90% of



the time between 5:00 and 5:30”
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Figure 1. Notification for Mowving_Along

Figure 1 shows a scenario, where each circle indi-
cates a (location,time) update sent to the MOD server.
Assume, for this example, that they are sent every
two minutes. Blank circles indicate the (location,time)
pairs which are of no interest for processing RIN2 be-
cause the value of their time component is outside the
time-interval of interest for RN2 ([5:00,5:30]).

In order to determine the spatial region of interest
for RIN2, one can construct the Minkowski Sum P @© d
of the polyline P and a disk of radius d. This is the
2D region? that is “swept” when the disk with radius d
is moves along P. The evaluation of the moving along
predicate amounts to calculating the time that obj;
spent inside R = P @& d. When it comes to processing
RN2, we have the following observations:

1. Once the time-interval of interest expires (at 5:30),
using a variant of the red-blue intersection problem over
the completed past motion (c.f. [28]), one can detect
the intersection points of the route (the 2D projection
of the trajectory) of oid; with P & d, and use linear

2Formally, given two sets in R2, say P; and P, their
Minkowski Sum, denoted by P; & P2, is defined as P; & Py =
{p1 +p2 | p1 € P1,p2 € P>}, where the summation is of vector
p1 with vector p2 [2].

interpolation to calculate the total time for which the
object obj; was (not) within distance d from P. If
that time is less than 27 minutes (the object was > 3
minutes outside P @ d), the notification can be send
to the user. One may also use (a composition of) the
readily available spatio-temporal operators (c.f. [12]
and the references therein), whose processing is based
on the plane sweep technique.

In practice, none of these approaches is adequate, be-
cause they need the entire history of the objects motion
throughout the time-interval of interest. They may be
suitable for processing a query like: “Retrieve the time
that the object obj; is (not) moving along P ® d be-
tween 5:00 and 5:30”. However, this is not acceptable
for mission-critical applications (e.g., detecting an en-
emy’s activity in a battlefield). As indicated in Fig-
ure 1, the system should be able to notify the user as
early as 5:18 that RIN2 is satisfied — by then, the ob-
ject has already spent more than three minutes (10%
of the time-interval) outside R = P & d. Any further
update (lighter-shaded circles in Figure 1) need not be
considered.

2. One may want to utilize the capability of (re)active
behavior available in most existing commercial systems
and set up a trigger TRN2, for which the basic ele-
ments (in pseudo-syntax) are:

EVENT: ON location_update(oid_1,x,y,t)
CONDITION: IF time_outside P& d >3
ACTION: SEND NOTIFICATION

This will achieve the desired behavior — the user will be
notified at 5:18, however, it also has drawbacks. At ev-
ery update, the system evaluates the time_outside for
the entire past trajectory between 5:00 and the time of
the current update. An intelligent system should know
that there is no need to repeatedly evaluate the condi-
tion of TRIN2 on the entire past trajectory.

3.1.1 Algorithmic Processing of Moving_Along

Given two consecutive update points (z;,y;,t;) and
($i+1;yi+1;tz’+1); and the region R = P & d, we
would like to avoid the brute-force approach of test-
ing (zi,v:), (Tir1,yir1) for intersection against every
(line or circular arc) segment of the boundary of R.
The algorithm for calculating the total time that the
object moving along the segment (z;,y;), (Tit1,Yit1)
and with a constant speed between t; and t;;, spent
inside R, can be outlined as follows:
Moving_Along(R, (i, yi,ti), (Tit1,Yit1,tit1) )

1. Decompose R

2. Shoot a ray from (z;,y;) towards (Ti+1,Yi+1)

and obtain the intersections with R
3. Use linear interpolation to obtain the




total time inside R

Decomposition of R cannot be done arbitrar-
ily (e.g., vertical, or a triangulation [9]) because
(zi,Yi), (Tiv1,vs41) may intersect too many edges
of the decomposition, without ever intersecting the
boundary of R. Thus, we use a Steiner decomposi-
tion [13], based on a geodesic triangulation [7], which
guarantees that, if n is the number of segments of the
boundary of R, than any ray will intersect at most
O(logn) edges before “hitting” the boundary. The
Geodesic Decomposition Tree (GDT) structure [13] can
be easily adapted to handle the circular arc segments
on the boundary of R. In case R is non-simple, i.e.,
it is a multi-connected region with k simple compo-
nents, the complexity becomes O(vklogn). Observe
that there are two costs which are amortized while
monitoring the moving along predicate: 1. The decom-
position itself is used for consecutive updates (and may
be re-used for other objects); 2. The point-location is
executed only once, for the first (location,time) update.
Subsequently, the terminus of the previous trajectory
segment, becomes the origin for the next one (for which
the terminus is the latest update point). Observe that
if the predicate is satisfied after m+1 updates (let T
denote that portion of the object’s trajectory), total
complexity becomes O(m + |T'N R|logn), which is out-
put sensitive.

3.1.2 Behavioral Aspects of the MOD

At present, the existing prototype implementations of
MOD and spatio-temporal databases (c.f. [3]) lack the
mechanisms which would enable an elegant and declar-
ative specification of the desired kind of reactive behav-
ior. One may use the available extensibility features
of the commercial ORDBMS (e.g., Oracle) , and use
them as a MOD [28]. However, a straightforward ap-
plication of their available triggers cannot achieve the
reactive behavior that one would desire from a notifica-
tion service. Besides the limited set of primitive events
(update, insert, delete on tables), the very model of
a trajectory, typically represented as a User-Defined
Type (UDT) in an ORDBMS, has its own semantic
subtleties. Namely, despite the lexical similarity, the
classical meaning of the update (e.g., a salary of a par-
ticular employee) in relational settings, has different
impact from location update of a particular moving ob-
ject in MOD. The net-effect of a sequence of location
updates increases the number of points (in the repre-
sentation) of the trajectory of a given moving object.
Meanwhile, a sequence of salary updates of a given em-
ployee has the net-effect of one single (lump) increase.
To better illustrate the peculiarities of RN2, consider

the request RN1, common for ENS:

RN1: “Notify me when I am within 8 miles from a
motel, between 7:00PM and 9:00PM”.

Setting up a trigger TRIN1, of the form:

EVENT: ON location_update(oid,loc,t)
CONDITION: IF within_distance(loc,Motel)
ACTION: SEND NOTIFICATION

would yield a correct behavior, without the processing
overhead exhibited by the similar trigger TRN2 for
RN2. However, in the case of RN2, the condition
evolves along with the modifications to the MOD.

In order properly monitor the event of interest in
an efficient manner, we need a trigger that follows the
dynamics of the MOD’s evolution. Let Timelnside (R,
(z1,y1,t1), (T2,92,t2),t"™ ) denote a predicate which is
true when ¢ is the total time between ¢; and ¢, dur-
ing which the line segment (z1,1)(72,y2) was inside®
R. Also, let previous_last(OID) and last(OID) denote
the functions which return the (z,y,t) values of the
next_to_last and the last point, respectively, in the rep-
resentation of the Motion_Plan of the object OID. We
have the following dynamic version of the trigger which
monitors RIN2:

TRN2dyn:

1. ON location_update (0idy,x,y,t)

2. IF Timelnside(R,last(oid,), previous_last(oid, ), t'")
A "> (3=t

3. THEN

4. Send_Notification
5. ELSE t:Ztal = tzg‘tal-i_

Timelnside(R,last(oid1), previous_last(oidy))
The variable ¢{7  is the accumulator which denotes
the total time that the object oid; had spent moving
along R(= P & d) from the begin-time value specified

in the request RIN2.
3.2 The Moving_Towards Predicate

Now we consider a predicate which is concerned with
detecting if a particular mobile object is continuously
moving towards a given static entity like a point-object,
region or a (poly)line. Necessary and sufficient con-
ditions on the object’s trajectory for the purpose of
missile guidance towards a point-target, have already
been addressed by the control community [5]. To illus-
trate the aspects of the reactive behavior that we are
investigating in this paper, we will use the following;:
RN3: “Notify me when the object objs is moving to-
wards the landmark LM continuously for 5 minutes be-
tween 5:00 and 5:30”.

31n reality, '™ is the value returned by the algorithm Mov-
ing_Along (R, (T1,y1,t1), (T2,92,t2)).



Figure 2. Notification for Mowving_Towards

A possible scenario is illustrated in Figure 2 and we
have similar observations as in Section 3.1 for the case
of moving along predicate, except, now the semantic
implications of the continuous satisfaction of the pred-
icate for the desired interval (5 minutes) brings some
other specific issues:

1. A purely query-like approach in which one would
wait until 5:30 and then pose the corresponding query
is, again, unacceptable. As shown in Figure 2, RN3
is satisfied at 5:18 because between 5:12 and 5:18 the
object was continuously moving towards LM for 6
minutes. Hence, the corresponding notification should
have been sent at 5:18.

2. Again, one may be tempted to set up a trigger, say
TRN3, which upon every location update (EVENT)
would check if the distance between obj, and LM was
non-increasing for an interval of 5 minutes (CONDI-
TION) and, subsequently, notify the user (ACTION).
However, aside from the questions regarding the is-
sues of how to exactly express it, the “classical” trigger
may involve unnecessary calculations for processing the
RN3, by using the entire “current_history” of the ob-
ject’s motion. As a particular example, at 5:14 there is
absolutely no need to query any history before 5:12.
3. A peculiarity brought by this example is that within
the time-interval of interest for the request, multiple
notifications may be generated. The source is two-fold:
e Although this is not illustrated in Figure 2, one can
easily think of settings in which a satisfaction of the
particular mowving towards is followed by moving away
which, in turn, is followed by another moving towards
time-interval. This can cause multiple notifications to
be sent for a given request.

e A more intriguing reason is that at 5:20 the ob-

ject has completed another interval of 6 (> 5) minutes
([5:14,5:20]) during which it was continuously moving
towards the target — landmark LM. One may object
that the location updates at 5:16 and 5:18 were already
used for the notification sent at 5:18 — and the objec-
tion may be either “sustained” or “over-ruled”. This
is due to the fact that it was not specified what is to
be done to the primitive events that were already used
throughout the history. To cope with such issues, the
notification system must allow an explicit choice of a
policy for consuming primitive events upon detection
of the composite event. The Events Management Sys-
tem SNOOP [6] proposed several different policies for
consumption of the constituent primitive events upon
a detection of a composite event. Each policy specifies
what happens with the set of instances of the primitive
events in between (and including) the particular pair
of (initiator event, terminator event). Thus, for the
scenario illustrated in Figure 2, if one does not want a
notification sent at 5:20 (i.e., a brand new “observation-
interval” is started at 5:18), then all the updates at
5:12; 5:14 and 5:16 should be, in a sense, flushed out
from consideration and a new initiator event will be
sought for, with the location update at 5:18. In the
parlance of the SNOOP system, this is similar to the
cumulative consumption of the primitive constituent
events. The other option is to flush out only the loca-
tion update from 5:12 as a possible initiator, and use
the one at 5:14 as the new initiator. This will combine
with the next location update (5:20) as the new ter-
minator event and generate another notification. This
behavior corresponds to the chronicle consumption pol-
icy in SNOOP. Thus, when monitoring a particular re-
quest, one may have to choose the consumption policy
beforehand.

3.2.1 Algorithmic
ing_Towards

Processing of Mowv-

We use ideas similar to the ones in Section 3.1.1, in
the sense of accumulating the time that a given line-
segment s of the trajectory of obj; is moving towards
the landmark LM for each location update. For that,
first we construct the Voronoi diagram (V3(LM)) of the
landmark LM [9]. However, even if LM is bounded by
line segments, the cells of Vz(LM) need not be convex.
We separate between the cells of the edges and those of
the vertices of LM, and apply geodesic triangulation
to each one of them [7, 13]. Recall (c.f. Section 3.1.1)
that this is needed to answer ray shooting queries in
O(logn) time.

During an update, we trace the segment s inside the
diagram by shooting rays, observing that for as long as



the trajectory remains within the cell of an edge, it can
only move towards all the time, or move away all the
time. We add the length of the part of the trajectory
inside the cell to the ##°%27%% accumulator. If (part of)
the segment s is inside the cell V3(LM) belonging to a
vertex, it can first move towards, then away — possible
critical point is at the projection of the vertex on the
trajectory. In any case, each update-segment s; takes
time proportional to the number k; of cells it traverses
(with an overhead of O(logn) due to the ray shooting
query), which is again output-sensitive, since k; is the
number of times the closest feature of the landmark
LM may change.

3.2.2 Behavioral Aspects of the MOD

In order to specify the reactive behavior of the
MOD, we will assume that we have the predicate
TimeTowards(LM, (z1,y1,t1), (x2,Ya, ta), 10048,
which is true whenever t°*%7% is the total time
between t; and %5, during which the object objs
was moving towards the target landmark LM. As-
sume that (2',y’,t') = previous_last(obj_2), and and
(z,y,t) = last(obj-2). Then, the syntactic elements
of the dynamics-aware trigger which monitors the
request RN3 are:
TRN3dyn:
1. ON location_update (0ids, z,y,1t)
2. IF TimeTowards(LM, (z,y,t), (z',y', '), ttowerds)A
(ttowards =t— tl) A (ttowards _ treference Z 5)
3. THEN
4. Send_Notification AND
Ezecute the chosen consumption policy

5. ELSE
6. treference =t

The specification states the intended behavior for
the processing of the moving towards predicate. The
only ambiguity may arise with the value of t,cference;
which is the only non-bound variable in the IF part.
Initially, it is set to the beginning time of the RN3
interval of interest — t,cference = 5 : 00 —and it acts, in
a sense, like a global variable for detecting the desired
condition (continuously for 5 minutes). Subsequently,
it is maintained up-to-date any time the condition is in-
validated by a particular location update in the MOD
(for clarity of presentation, we assume that it can be
only (re)set to the values of time of a particular (lo-
cation,time) update). The second conjunct in line 4
(Execute the chosen consumption policy) pertains to
the discussion about multiple notifications and it af-
fects the value of the tr¢ference variable. In particular,
in case the application would like another notification
sent at 5:20 (chronicle consumption), then tyreference is

set to the value of the next point of the trace which
satisfied the condition in line 2 (t,¢ference = 5 : 14).

4 The (ECA)? Paradigm

Intuitively?, an active rule in the Ewolving and
Context-Aware Event-Condition-Action paradigm can
be formulated as follows:

ON EVENT <trigger consumption>
<composite event consumption>
IF CONDITION
THEN ACTION
ELSE <parent consumption>
MODIFY EVENT/CONDITION/ACTION

The results in the “classical” EC A paradigm abound
[20, 30] and we will not re-hash all the possible clas-
sifications of the different semantic dimensions and
their respective choices in a particular Active Database
System, for which a very comprehensive analysis is
provided in [10]. In the (ECA)? paradigm, we al-
low the user to declaratively specify modifications
to a given trigger, upon the failure of the condition
part. Similar to the Extended Event-Condition-Action
(EECA) paradigm in [10], we allow the option of
a particular rule to consume its triggering event —
(trigger consumption) in three ways: locally; glob-
ally (i.e., no other rule can be triggered by the same
event); and no-consumption (i.e., the event can re-
trigger the same rule). However, in addition to EEC A,
we also consider composite events that can trigger a
particular rule and the choice of policy for consuming
the primitive constituent events, which can occur ei-
ther upon the detection of the triggering event, or upon
the condition evaluation, or upon the execution of the
action part of the trigger (not shown in the above syn-
tax). In this work we do not explicitly consider differ-
ent coupling modes between the detection of the event;
evaluation of the condition; and execution of the ac-
tion, which can be immediate, deferred and detached
(in a separate transaction) [10]. The main idea of the
(EC A)? is to allow the users to specify which particular
evolution (among possible ones) is of interest, and what
is to be monitored. In Section 3 we presented the trig-
gers TRIN2dyn and TRN3dyn used in the reactive
management for the predicates moving along and mowv-
ing towards, respectively, which illustrated the evolu-
tion of the condition part. Due to lack of space, we can-
not elaborate formally all the aspects of the (EC A)?
(cf. [26]), but we would like to explain the semantics

4See [26] for a detailed domain description and declarative
semantics.



of one syntactic element of (EC A)? rules that we did
not address so far. The <parent consumption> can
have a yes or no value, and to explain its role, consider
the following request:

RN4: “Notify me when an object is moving towards
the landmark LM continuously for 5 minutes between
5:00 and 5:30”, if I have less then 5 armored vehicles
in the Base B1”.

Even though obj, may be moving continuously towards
B1, for as long as there are > 5 armored vehicles there,
the user will receive no notification. However, once it
has been detected that obj, is moving towards B1, the
user may be interested in monitoring another criterion:
RN4’: “Subsequently, notify me when that object is
closer than 10 miles to B1”.

This is an example in which, once certain event is
detected but the condition fails, a new trigger is
spawned (MODIFY EVENT) and the original (parent)
trigger ceases to exist: parent consumption = yes.
On the other hand, the user may be interested in con-
tinuing to monitor the original criterion along the de-
velopment of (the model of) the battlefield, together
with the new criterion, in which case:

RN4”: “Subsequently, also notify me when that object
is closer than 10 miles to B1”.

Thus, in the case of RN4”, the parent trigger will
continue to exist along with the newly created trigger
(parent consumption = no) which, again, was gen-
erated due to the failure of the condition part of the
parent when its event was detected.

We would like to point out that one of the main mo-
tivations behind the (EC A)? paradigm was enabling
reactive behavior in heterogeneous environments. In
this work we focused on MOD settings and notifica-
tion services, however, one may very well observe that
even in the scenarios for RN2 and RN3, introduc-
ing the mowving along and moving towards predicates,
it may be the case that the (location,time) information
will be actually detected by a set of sensors deployed
in a given area (it is unlikely that an enemy unit will
voluntarily send GPS updates).

5 Conclusions and Related Work

We introduced two dynamic topological predicates
used in Requests for Notification and addressed their
efficient processing from two perspectives: algorithmic
and reactive behavior of MOD. We demonstrated that
for some requests, besides the dynamics of the (loca-
tion,time) information of the objects, its impact on (the
dynamics of) other values in a given state may have
to be taken into consideration, along with the evolu-
tion which brought the system to that particular state.

To address this, we argued that the “classical” ECA
paradigm may not be well-suited for specifying the re-
active behavior in MOD settings and we proposed the
(ECA)? paradigm.

Due to the specific nature of the spatio-temporal do-
main, the abundance of works in active databases (e.g.,
[20, 30]) cannot be applied directly to the MOD set-
tings, although, as we indicated, they provide a solid
foundation for extension of the management of reactive
behavior. In particular, the Fztended Event-Condition-
Action (EECA ) model in [10] took a step towards more
“event-aware” active rules. Although it utilizes the no-
tion of querying over the history of the evolution based
on specification of the proper events, the work did not
have the full concept of composite events (i.e., it only
considers a disjunction of primitive events). None of
the works addressed the problem of evolution of the
triggers in a context-awareness manner.

Efficient maintenance of the answers to continuous
queries in the settings where the Motion_Plan of the ob-
jects is obtained by a sequence of location updates in
time is addressed in [18]. Although we did not address
the issues of scalability, our work is complementary
to [18], in the sense of evolution of conditions and/or
events.

The CAT system [25, 27] addressed the problem of
managing continuous spatio-temporal range queries us-
ing triggers. The proposed framework assumed that
the Motion_Plan was represented as a complete future
trajectory and the main focus of the context-awareness
was to correctly identify and update the trajectories
that may be affected by abnormal traffic conditions,
and update the answer sets of the pending queries.

Part of our ongoing work is considering the impact of
the different models (e.g., (location, time, velocity) up-
dates [24] or full-future trajectory, based on electronic
maps [28]) on the types of requests and their process-
ing, by developing a comprehensive type system and
carefully identifying the set of operators and their pro-
cessing for various argument signatures, similarly to
[12]. Since in our paradigm the condition is, in a sense,
context-aware about the impact of the changes of the
(location,time) updates (event generation) on the over-
all content, and we also consider different consump-
tion policies for composite events, we believe that our
work provides a good foundation for managing persis-
tent queries [24].

Novel paradigms need to be “brought to life” in an
actual implementation. Along the terminology used in
the recent survey [3] and based on our experiences with
the CAT system [27], we believe that the paradigm
which we proposed in this work can be implemented
on top of an extensible ORDBMS. This has advantages



— to say the least, pushing the processing of the rule
as much as possible into the underlying ORDBMS (c.f.
[29]). However, we are carefully also investigate the
limits that the underlying ORDBMS may impose on
the expressiveness of the (EC'A)? paradigm. Another
possible approach is to implement this type of reactive
behavior anew, over a platform with a rich type system

e.g.,

SECONDO (surveyed in [3]).
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