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Abstract. Trend analysis and forecasting applications (e.g., securities trading, stock
market, and after-the-fact diagnosis) need event detection along a moving time
window. Event-driven approaches using a push-paradigm play a significant role in
many real-world applications since changes detected are crucial for these
applications. In active databases that provide push-paradigm, an event was defined
to be an instantaneous, atomic occurrence of interest and the time of occurrence of
the last event in an event expression was used as the time of occurrence for an entire
event expression (detection-based semantics), rather than the interval over which an
event expression occurs (interval-based semantics). Currently, all active databases
detect events using the detection-based semantics rather than the interval-based
semantics. This introduces semantic discrepancy for some operators when they are
composed more than once. In this paper, we present the need for interval-based
semantics for detecting events over a sliding window (or in continuous context) and
formalize the semantics of Snoop (an event specification language) event operators
using interval-based semantics.

1. Introduction

There is consensus in the database community on Event-Condition-Action rules (or ECA)
as being one of the most general formats for expressing rules in an active database
management system (ADBMS). As event component was the least understood (conditions
correspond to queries, and actions correspond to transactions) part of the ECA rule, there
is a large body of work [1, 2, 7, 8, 9, 10, 11, 12, 15, 16, 18] on the language for event
specification. Snoop [1, 2] was developed as the event specification component of the
ECA rule formalism used as a part of the Sentinel project [3-6]. Snoop supports
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expressive ECA rules that include coupling modes and parameter contexts or event
consumption modes.

An event is an indicator of happening, which can be either primitive (e.g., depositing
cash in bank) or composite (e.g., depositing cash in bank, followed by withdrawal of cash
from bank). Primitive events occur at a point in time (i.e., time of depositing). Composite
events occur over an interval (i.e., interval starts at the time cash is deposited and ends
when cash is withdrawn). Thus, primitive events are detected at a point in time, whereas
the composite events can be detected either at the end of the interval (i.e., detection-based
semantics, where start of the interval is not considered) or can be detected over the
interval (i.e., occurrence/interval-based semantics). Event consumption modes are needed
while detecting events, since, not all the detected events are meaningful for an application.

In all event specification languages used in Active DBMSs (Snoop [1, 2], COMPOSE
[7, 8], Samos [9, 10], ADAM [11, 12], ACOOD [13, 14], event-based conditions [15], and
Reach [16-18]), events are considered as “instantaneous”, although an event occurs over
an “interval”. Because of this, all these event specification languages detect a composite
event at the end of an interval over which it occurs (i.e., detection-based semantics).
When events are detected using the detection-based semantics, where event occurrence
and event detection is not differentiated, it leads to some unintended semantics as pointed
out in [19, 20] when certain operators, such as sequence, are composed more than once.

1.1. Event Detection

Why interval-based semantics should be used to detect events in active databases is
explained in this section using the traditional stock market monitoring example. Primitive
events are predefined in the system and are detected at the time of occurrence. Composite
events compose of more than one event and it can be either a primitive event or a
composite event itself. Thus, composite events can be detected at the time when the last
constituent of an event expression occurs or over an interval. Composite event detection
involves two steps: 1) checking the detection condition based on the operator semantics,
and 2) time of detection. These are the two main steps and they are handled differently in
detection-based semantics and interval-based semantics as explained below.

Let us take an example where a stock trading agent uses the composite event “When
Dow Jones Industrial Average (DJIA) increases by 5% followed by a 5% price increase in
Sun Microsystems shares and 2% price increase in IBM shares”. This is expressed in
Snoop as “If (DJIAS ; (Sun5 O IBM2)) then indicate the buyer”, where DJIAS is a
primitive event and it corresponds to DJIA increases by 5%, Sun5 is a primitive event and
it corresponds to 5% price increase in Sun shares, IBM2 is a primitive event and it
corresponds to 2% price increase in IBM shares respectively, (Sun5 0 IBM2) and (DJIAS
; (Sun5 O IBM2)) are composite events, “;” (Snoop “sequence” event operator) represents
followed by condition. It detects sequence of two events, whenever the first event occurs
before the second event, and “[J” (Snoop “and” event operator) represents And condition
and it detects an “And” event whenever both the events occur.



Semantics for these operators are different for detection-based semantics and interval-

based semantics and are explained in the following subsections. Case 1 explains the
detection-based semantics and case 2 explains the interval-based semantics for the above
example. Let us assume that primitive events DJIAS, Sun5 and IBM2 occur at 10.30 a.m,,
10 a.m., and 11 a.m. respectively, in both the cases.
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Figure 1. Detection-Based Semantics Example

Casel) Detection-Based Semantics: Figure 1 depicts events that are detected, along with
the time of occurrence and detection.

1.

2.

Primitive events are detected at the time of occurrence, thus events DJIAS, Sun5 and

IBM2 are detected at 10.30 a.m., 10 a.m., and 11 a.m. respectively.

Composite event (Sun5 [JIBM?2) detection involves two steps

a. “And” condition is satisfied since both the events have occurred.

b.Since events are considered as “instantaneous” and are detected at end of the
interval, composite event (Sun5 [1IBM?2) is detected at 11 a.m. (though it occurred
over an interval from 10 a.m. to 11 a.m.)

Similarly composite event (DJIAS ; (Sun5 OIBM?2)) detection involves two steps

a. “Followed by” condition is satisfied only when event DJIAS happens before event
(Sun5 O IBM2). In our example, this condition is satisfied, since event DJIAS is
detected at 10.30 a.m. in step 1 and event (Sun5 [JIBM?2) is detected at 11 a.m. in
step 2.b. (i.e., 10.30 a.m. < 11 a.m.). But this is not the intended way, since event
(Sun5 O IBM2) starts at 10.00 a.m. and ends at 11.00 a.m. whereas event DJIAS
occurs only at 10.30 a.m. Thus, (Sun5 OIBM2) cannot follow DJIAS, since it has
started before DJIAS and “followed by” condition should not be satisfied.

b. Composite event (DJTAS ; (Sun5 OIBM?2)) is detected at 11 a.m. and the buyer is
indicated.

Regardless of the occurrence of primitive event Sun5 before primitive event DJIAS, the

buyer is indicated, which is unintended. This unintended action is because of the condition
checking in step 3.a. fails to capture the correct semantics, since it does not consider the
start of interval. Thus, it is comprehended that detection-based semantics lacks the correct



event detection when events are composed more than once. Detection-based semantics
typically used by all the aforementioned event specification languages used in Active
DBMSs do not differentiate between event occurrence and event detection.
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Figure 2. Interval-Based semantics Example

Case 2) Interval-Based Semantics: Examples that were used to explain detection-based
semantics are used to explain interval-based semantics in this section. Interval-based
semantics, where both start and end interval is considered is based on the fact that real life
events have an interval and are not instantaneous. Figure 2 depicts events that are
detected, along with the time of occurrence and detection. All the steps that differ from
case 1 are explained below

Step 2 b) Since start of the events is considered, events are detected over the interval.
Composite event (Sun5 [JIBM2) is detected over the interval [10 a.m., 11 a.m.]

Step 3 a) “Followed by” condition is not satisfied, since event DJTAS does not happen
before event (Sun5 O IBM2). In our example, this condition is not satisfied, since the
primitive event DJIAS is detected at 10.30 a.m. in step 1, composite event (Sun5 JIBM?2)
is detected over the interval [10.00 a.m., 11 a.m.] in step 2.b and thus primitive event

DIJIAS does not happen before the event (Sun5 JIBM2) (i.e., 10.30 a.m. « 10 a.m.).
Step 3 b) Composite event (DJIAS ; (Sun5 [0 IBM?2)) is not detected and the buyer is
not indicated, which is the intended event detection.

Both the cases 1 and 2 detects composite event (DJIAS ; (Sun5 0O IBM2)) using the
same set of primitive events. Case 2 detects events using interval-based semantics, where
the composite event is not detected, which is the intended way. Case 1 uses detection-
based semantics and the composite event is detected and buyer is indicated, which is not
the intended way. Detection-based semantics was adopted as begin and end events were
of significance in most of the database related work. From our example above, it is
discernible that events are detected in the intended way when interval-based semantics is
used and not detection-based semantics. Thus event detection using interval-based
semantics is a trusted way and not just another way of detecting events.



1.2. Our Contributions

Snoop is an event specification language developed for expressing primitive and
composite events that are part of Event-Condition-Action (or ECA) rules. In the previous
section we have explained the need for interval-based semantics using an example, where
events are detected in an unrestricted context (i.e., none of the event occurrences are
discarded after participating in event detection). Event consumption modes are needed
while detecting events, since, not all the events detected using unrestricted context are
meaningful for an application. Events that are detected using event consumption modes
are subsets of events detected using unrestricted context. Snoop event operators were
formally defined in the recent context using interval-based semantics in [21]. Trend
analysis and forecasting applications need event detection along a moving time window.
In this paper, we have formally defined Snoop event operators for detecting events over a
sliding window (or in continuous context) using interval-based semantics. Both sliding
window and continuous context are used interchangeably in this paper.

Outline: The rest of the paper is organized as follows. Section 2 refers to related work on
event specification. Section 3 explains the interval-based semantics of Snoop. Section 4
extends the above to the events that are detected over a sliding window. Section 5 has
conclusions and future work.

2. Related Work

There has been a considerable amount of work done in the interval-based semantics. Why
the interval-based semantics is needed for event detection is explained with concrete
examples in [23], using Snoop operators, but does not deal with formal semantics,
algorithms and implementation for any of the context in Snoop. [24] explains the event
detection using the duration-based (i.e., interval-based) semantics, but why it is needed,
what operators are supported, how it is implemented and the formal semantics is not
explained. Snoop [1, 2] uses event graphs to detect the composite event, whereas Samos
[9, 10] uses petri nets to detect the composite events, likewise all the aforementioned
event specification languages detects the composite event using different approaches, but
all of them use detection-based semantics, which has some problems as we have seen
before. Details of event detection by other event specification languages and why they are
not sufficient can be found in [25].

Algorithms for event composition and event consumption, which make use of accuracy
interval based time stamping is illustrated along with a window mechanism to deal with
varying transmission delays when composing events from different sources, are dealt in
[26]. The paper claims that event consumption modes like recent and chronicle can be
unambiguously defined by using an accuracy interval order that guarantees the property of
time consistent order. Even though this system uses “accuracy interval based time



stamping” guaranteeing the time consistent order for the event arrival, it uses the
detection-based semantics for the composite event detection, which has the same
drawbacks.
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Figure 3. Time Line Figure 4. Event Notations

3. Interval-based semanticsfor Snoop

For the purpose of this paper, we assume an equidistant discrete time domain having “0”
as the origin and each time point represented by a non-negative integer (refer Figure 3).

3.1. Primitive Events

Primitive events are a finite set of events predefined in the system (for more detail refer to
[1, 2, 27]), which can be the state changes produced by method executions by an object in
the case of object oriented databases or can be the data manipulation operations such as
insert, delete and update, in the case of relational database systems. Primitive events can
also be temporal events that are based on time or explicit events that are detected by an
application program (outside of a DBMS) along with its parameters. For example, a
method execution by an object in an object-oriented database is a primitive event. These
method executions can be grouped into before and after events (or event types) based on
when they are detected (immediately before or after the method call). An event occurs
over a time interval and is denoted by E [t,, t,] (see Figure 4, where E is the event, t; is the
start interval of the event denoted by 1E, t, is the end interval of the event denoted by E1 ).
In the case of primitive events, the start and the end interval are assumed to be the same
(i.e., t; = tp). For events that span over an interval, the event occurs over the interval [t;, t,]
and detected at the end of the interval.

3.2. Event Expressions

For many applications, supporting only primitive events is inadequate. In many real-life
applications, there is a need for specifying more complex patterns of events such as,
arrival of a report followed by a detection of a specified object in a specific area. They
cannot be expressed with a language that does not support expressive event operators



along with their semantics. An appropriate set of operators along with the closure property
allows one to construct complex composite events by combining primitive events and
composite events in ways meaningful to an application interested in situation monitoring.
To facilitate this, we have defined a set of event operators along with their semantics.
Snoop [1, 2] is an event specification language that is used to specify combinations of
events using Snoop operators such as And, Or, Sequence, Not, Aperiodic, Periodic,
Cumulative Aperiodic, Cumulative Periodic, and PLUS. Motivation for the choice of
these operators and how they compare with other event specification languages can be
found in [1, 2].

3.3. Composite Events

Composite events are constructed using primitive events and event operators in a
recursive manner. A composite event consists of a number of primitive events and
operators; and the set of primitive events of a composite event are termed as constituent
events of that composite event. A composite event is said to occur over an interval, but is
detected at the point when the last constituent event of that composite event is detected.
The detection and occurrence semantics is clearly differentiated and the detection is
defined in terms of occurrence as shown in [19, 20]. Note that occurrence of events cannot
be defined in terms of detection which was the problem with the earlier detection-based
approaches.

We introduce the notion of an initiator, detector, and terminator for defining event
occurrences. A composite event occurrence is based on the initiator, detector and
terminator of that event which in turn are constituent events of that composite event. An
initiator of a composite event is the first constituent event whose occurrence starts the
composite event. Detector of a composite event is the constituent event whose occurrence
detects the composite event, and terminator of a composite event is the constituent event
that is responsible for terminating the composite event. For some operators, the detector
and terminator are different (e.g., Aperiodic), while for other operators, detector and
terminator are the same (e.g., Sequence).

A composite event E occurs over a time interval and is defined by E [t,, t,] where E is a
composite event, t; is the start time of the composite event occurrence and t, is the end
time of composite event occurrence (t, is the starting time of the first constituent event that
occurs (initiator) and t; is the end time of the detecting or terminating constituent event
(detector or terminator) and they are denoted by TE and E! respectively). Below, “O”
represents the occurrence-based or interval-based Snoop semantics.

Sartof anevent: O (1E, t) 2 O' (t< t' OO (E, [t, t'])).
Endof anevent: O (EL,t) 2 i'< t (O (E, [t t])).

Event Combinations: Nature of constituent event occurrences of a composite event is
another important aspect and they can be 1) Overlapping Event Combinations: When



events are allowed to overlap they can occur in thirteen different combinations, and they
are discussed in [28, 29]. All operators formally defined in this paper assume that events
occur in an overlapping fashion. 2) Disjoint Event Combinations: There are only fewer
combinations when events are not allowed to overlap. This may be meaningful for many
applications where the same event should not participate in more than one composite
event or when only one of the overlapping events is of interest.

3.4. Event Histories

In real world, events occur over a time line. Events can be detected as and when it occurs
as far as the events are predefined in the system (i.e., primitive events). Even though the
time of occurrence of a composite event is over an interval in which it occurs, it is
detected only when the last constituent event occurs. Thus, history of initiator and other
constituent events should be maintained so that they can be paired when
detector/terminator occurs. An event history maintains a history of event occurrences up
to a given point in time. Suppose el is an event instance of type E1 then
El [H] represents the event history that stores all the instances of the event E1 (namely
eli). In the following sections, using the notion of event histories, we formalize Snoop
operator definitions taking parameter contexts into account. In order to extend these
definitions to parameter contexts following notations are used. ‘

E; [H] => Event history for event E;, t;— Start time of an event instance e/ of event E;, and
t.;— End time of an event instance ¢ of event E;

4. Event Consumption M odes

Events in the ECA rules are detected in unrestricted (or general) context. This means
events, once they occur, cannot be discarded at all. For a *“;” (Snoop sequence operator)
event, all event occurrences that occur after a particular event will get paired with that
event as per the unrestricted context semantics. In the absence of any mechanism for
restricting event usage (or consumption), events need to be detected and parameters for
those composite events need to be computed using the unrestricted context definitions of
the Snoop event operators. However, the number of events produced (with unrestricted
context) can be large and not all event occurrences may be meaningful for an application.
In addition, detection of these events has substantial computation and space overhead,
which may become a problem for situation monitoring applications. Thus, Snoop has four
event consumption modes based on the application domains and they are: Recent,
Chronicle, Continuous, and Cumulative. For a complete list of motivations for these
contexts refer to [1, 2]. It is also the case that each context defined below generates a
subset of events generated by the unrestricted context. In this section, we extend the



formal semantics defined for unrestricted context [19, 20] to continuous context using
event histories (explained in Section 3.4).

We will use the start and end of an event defined earlier for formally defining the event
operators. To enable us to express this more concisely the predicate O;, [19, 20] is defined

as Oy (E[t, b)) 2 O ' (<t <t <, O (E, [ty t2])

Continuous Context (Sliding Window Events): Motivation behind the continuous
context is discussed below in more intuitive way. In applications where event detection
along a moving time window is needed, continuous context can be used. This context is
especially useful for tracking trends of interest on a sliding time point governed by the
initiator event. For example, computing change of more than 20% in DowJones average
in any 2-hour period requires each change to initiate a new occurrence of an event (for
more detail refer [22]). Below are the semantics that will be used to detect events in
continuous context. In this context, each initiator starts the detection of that composite
event, and a single detector or terminator may detect one or more occurrences of that same
composite event. An initiator will be used at least once to detect that event. For binary
Snoop operators, all the constituent events (initiator, detector and/or terminator) are
deleted once the event is detected. For ternary Snoop operators detector and terminator are
different. Detectors detect the event occurrence (e.g., Aperiodic) and are deleted once
detected. Terminator terminates the event (e.g., Aperiodic*) and deletes corresponding
initiator and terminator pair along with the constituent events that cannot be used in future
events. Future events are the events that are initiated by the initiators that are not paired
with this terminator.

4.1. Event Operator Semanticsin Continuous Context

In this section, for all the operators defined in unrestricted [19, 20] and recent context
[21], we will define them formally in continuous context (or over a sliding window). We
will also show that events that are detected over a sliding window are a subset of the
events detected using unrestricted context. Below, “O” represents the occurrence-based or
interval-based Snoop semantics. In the following subsections, we will use the following
format for defining the SnoopIB operators: 1) Define Snoop event operators intuitively, 2)
An example that shows the events detected in unrestricted context using interval-based
semantics, 3) Formal definition for the operators in continuous context, and 4) An
example that shows the events detected over a sliding window (or in continuous context)
using interval-based semantics.

4.1.1. SEQUENCE Event Operator (;)
O (Ey; Ey, [ty, t3]): Sequence of two events E; and E,, denoted by Ey; E,, occurs when E,
occurs provided E; has already occurred. This implies that the end time of occurrence of



E, is guaranteed to be less than the start time of occurrence of E,. E; is the initiator and E,

is the terminator of the sequence event.

“:" in Unrestricted Context: Event histories can be used for the detection of the “;”
operator defined above. With event histories E, [H] = {(3, 5), (4, 6), (8, 9)}, E, [H] = {(1,
2), (7, 10), (11, 12) shown in Figure 5, ““;” generates the following pairs of events in the
unrestricted context:

{(er', &) [3, 10, (e/%, &7 [4, 10], (e, &) [3, 121, (&), €2) [4, 121, (e, &5)) [8, 12]}
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Figure 5. Examples for Sequence Operator

Formal Definition in Continuous Context:
O (Ey; By, [ty teo]) £ OE, OE, [H] OUE; OE, [H]
{O (Ea, [te, teal) O(AES [ty te] | (te <ter) OE, OE,[H])
OO (Ey, [tgr, ter]) Oty St <t < te))}
O0E, OE, [H] OOE, OE,; [H]
{O (Es, [to, tea]) O((TE [ty te] | (te <te) OE, OE, [H])

D(ﬂEZN [ts" te'] | (ts' > tel) D(te' < teZ) DEZN D EZ [H]))
O (O (El’ [tsl, tel]) O (tsl < fer <tg < teZ) D(tsl > te))}

Two events e; J E| [H] and e, U E, [H] are said to occur in sequence in the continuous
context only when there is no occurrence of e,' [1 E, [H] before the occurrence of e,.
There are two cases to formally define the operator. First case handles when there is no
other terminator is available in the terminator history (i.e. first occurrence of the
terminator). Second case handles when there is more than one terminator present in the
history. For the first case, there should be no occurrence of other terminators before this
terminator and this terminator should be in sequence with all initiators till that point. For
the second case, there should be no occurrence of other terminators in between start of the



initiator and end of the terminator or a terminator can occur only if its end time is less than
start time of the initiator.

Events detected in Continuous Context: In continuous context, a detector or terminator
can detect or terminate more than one initiator and produce as many events as the number
of initiator. When event ezl occurs there is no event in E; [H] that satisfies the *“;” operator
condition. When the event e, occurs E; [H] = {e,' [3, 5], e,* [4, 6], ;" [8, 9]}. Thus, e,
detects event pairs (ell, ezz) [3, 10] and (elz, ezz) [4, 10], since it satisfies the condition (tg;
St <ty <ty (ie., (3<5<7<10) for pair (ell, ezz)). Even though e13 occurred before
e,”, it is not detected since it does not satisfy the condition. According to the continuous
context definition, events e,' and e,” are deleted as they have already participated in event
detection and cannot act as constituent events for event 623. Hence, event 623 detects event
pairs {(e,’, e,°) [8, 12]}. Event pairs detected by sequence operator in continuous context

are: {(e,', &) [3, 10], (e,, &) [4, 101, (e,’, &) [8, 12]}

4.1.2. PLUS Event Operator (Plus)

Plus operator O (Plus (Ey, n) [t, t]) is used to specify a relative time event [30]. A Plus
operator combines two events E; and E, where E| can be any type of event and E, is a
time string [t]. E; is the initiator and “n” is the terminator. The Plus event occurs only once
after time [t], after the event E; occurs. Plus operator’s unrestricted context definition [21,
25] holds for the continuous context, since Plus operator is detected only once after the

occurrence of the event E; and there is only one terminator for an initiator.

4.1.3. NOT Event Operator (=)

NOT operator O (= (E3) [Ey, EJ], [ty1, t5]) detects the non-occurrence of the event E; in the
closed interval formed by E; | and E,1.

“=" in Unrestricted Context is the sequence of E; and E, where there is no occurrence

“__

of the event E; in the interval formed by these events. Thus, “-~” operator definition is
same as the ““;” operator with an additional condition. This stipulates that there cannot be
an occurrence of the event E; from E; [H] in the interval formed by the end time of event
E; and the start time of event E,. With event histories E; [H] = {(3, 5), (4, 6), (8, 9)}, E,
[H] = {(1, 2), (7, 10), (11, 12)}, E5; [H] = {(5, 5)} shown in Figure 6, “~” event generates
the following pair of events: {(elz, e22) [4, 10], (elz, e23) [4, 12], (613, e23) [8, 12]}

Formal Definition in Continuous Context:

O (= (Ey) [Ey, Eol, [to, tea]) £
OE, O E, [H] O 0E, O E, [H] O 0OE; 0 E; [H]

{O (Ep, [t tea) D(AES [ty tel | (te <te) OE,' OE, [H])

O {(O (Ela [tsla tel]) O (tsl < tel <tg < te2) O _'Oin (E3’ [tela tsZ]))}}
O0E, OE, [H] O0E, OE, [H] OOE, 0 E; [H]



{O (Ey, [teo, teal) O((TE,' [ty te] | (te < tep) DEy' U E, [H])
O(BE," [ty t1] (ty > te) O(t. <te) OE)" OE, [H]))
O {(O (Elv [tsla tel]) O (tsl < tel <tg < te2) O (tsl > te) 0 _'Oin (E3’ [tela tsZ]))}}

Formal definition above has two cases similar to the sequence operator formal definition.
Condition =0y, (Es, [t.1, ts]) restricts the occurrence of event E; in between E; and E,.

Events detected in Continuous Context: Continuous context detects more than one
initiator when a detector or terminator occurs. In the above example, when the event ezl
occurs there is no event in E; [H] that satisfies the “~” operator condition. When event 622
occurs it can combine with event ell or/and e12 from E; [H]. Event ell [3, 5] cannot
combine with event 622 [7, 10] since there is an occurrence of e31 [5, 5] in between ell and
e22 (i.e., 5 <5< 7), thus event 622 detects event pair (elz, ezz) [4, 10]. Similarly event e23
pairs with event e13 detecting (613, 623) [8, 12]. The event pairs generated by not operator
in continuous context are: {(elz, e22) [4, 10], (613, 623) [8, 12]}

4.1.4. OR Event Operator (0)

Disjunction of two events E; and E,, denoted by O (E 0 E,, [t4, t5]), occurs when E;
occurs or E, occurs. E; and E, acts as both initiator as wells as terminator. The semantics
does not change with continuous context as each occurrence is detected individually.

4.1.5. Aperiodic Event Operator (A)
There are two versions for this event operator. Non-cumulative aperiodic event is
expressed as O (A (Ey, Ep, E3), [ty, t2]). Occurrence time of “A” is the occurrence time for
E,; an occurrence of event “A” is an occurrence of E, and is determined by E; and E;.
There must be no occurrence of E; wholly within the interval between the occurrence of
E, and E,. E,; is the initiator, E, is the detector and E; is the terminator. In the case of
aperiodic operator, formal definition given for unrestricted context holds for continuous
context. Aperiodic operator is a ternary operator, where once the terminator occurs events
occurred before that are deleted and cannot take place in future event detection. Thus
events detected by both unrestricted and continuous context are same.
“A” in Unrestricted Context: With the event histories E; [H] = {(3, 5), (4, 6)}, E, [H] =
{(1, 2), (8,9), (7, 10), (11, 12)}, E; [H] = {(11, 11)} shown in Figure 7, “A” operator
detects the following pair of events:

{(ers &) 8,91, (e, e2) [8, 91, (o', &) [7, 10, (e’ &) [7, 101}

Eventsdetected in Continuous Context: As defined above occurrence time of “A” is the
occurrence time for E,. With the event histories shown in Figure 7 aperiodic operator
detection in continuous context is explained. When event e,” occurs, initiators that can be
paired with this event are ell and elz. In this case, event e22 is just a detector, so even after
detection initiators ell and e12 can take part in future event detection till the terminator



occurs. So event 623 can be paired with the same initiators. But when event 624 occurs,
there are no initiators that are available for detecting, since terminator e31 has terminated
all the initiators. Thus events generated by this operator in continuous context are:

{(er, &) [8,9], (er?, &) [8, 9], (er', &) [7, 10], (e, &) [7, 10]}
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Figure 6. Examples for Not Operator Figure 7. Examples for A and A* Operators

4.1.6. Cumulative Aperiodic Event Operator (A*)

Cumulative aperiodic event is expressed as O (A* (Ej, Ey, Ej), [t1, t3]). This event is
similar to the non-cumulative except that it accumulates the occurrences of E, within the
interval formed by E; and E; and is detected only once when E; occurs. This operator was
defined only in the recent context [21].

A* in Unrestricted Context: With event histories E, [H] = {(3, 5), (4, 6)}, E, [H] = {(1,
2), (8,9), (7, 10), (11, 12)}, E5 [H] = {(11, 11)} shown in Figure 7, A* operator generates
the following pairs of events {(ell, elz, e22, e23, e31) [7, 10]}. In this context all the events
are accumulated in the interval formed by events ell and e31.

Formal Definition in Continuous Context:
O (A* (Ey, Ey, Ey), [ty ta]) £
OE; O E; [H] {O (Es, [ty tea]) O(A E5' [t te] | (te < ta) OE5" O E5 [H])
O{OE,0E,[HlOOE, OE, [H]
0(O (Ex, [ty ter]) O(AE,' [t te'] | (t<t <ty) OE, OE, [H])
D (O (EZ’ [tsls tel]) | ((tel < tsa) D (tsf < tsl)))
OFE" [t t"] | (ta < t." < t,) OE," OE, [H]) OOt <t (O (B4, 1))} }



OOE; OEs [H] {O (Es, [ty tea]) O(A Es' [t, te] | (te < te,) OE5' O E5 [H])
O(0OE, OE, [H] O0OE, OE, [H]

00 (By, [ty ta]) O(AE [ty ]| (1 <ty < typ) O(tg <ty <) OE,' O E, [H])
O0t<ts (O (Efd, 0))})
O0E; O E; [H] {O (Es, [t teal) O((3E3' [tp, ten] | (ten < te) OE5" 0 E5 [H])
O(AE;" [t3', te3'] | (ten < te3' < tea) OE3" O E5 [H]))
O((O (B, [t ter])) O(AES [ty t] | (t <t < typ) OE,' O E, [H])
O(O (B, [ta, te]) | ((tar < tea) O (L < t)))
O@E" [t t."] | (ta < t." < t,) OE," O E, [H]) OOt < t <ty (O (EL, 1))}
O0E; O E; [H] {O (Es, [t tea]) O((FE3' [te, ten] | (tep < te) OE5' O E3 [H])
O(AE5" [t te3'] | (tep < te3' < tea) OE3" O E5 [H]))

OO (By, [t ta])) O(AE, [t 1| ((t< ' < tp) O (te < t' < tg,) OB, O E, [H])
OOt <t <t (O (B!, 1))}

A* formal definition has four cases. First case handles the first occurrence of
terminator and occurrences of event E, overlaps with each other. All occurrences of event
E, in between the initiator and terminator are grouped together. Second case handles the
first occurrence of terminator and occurrence of an event E, that contains all other
occurrences of E,. Third case handles when there is a previous occurrence of terminator
and occurrences of event E, overlaps with each other. Fourth case handles when there is a
previous occurrence of terminator and occurrence of an event E, that contains all other
occurrences of E,. All occurrences of event E, in between the initiator and terminator are
grouped together where the initiator should be after the occurrence of the previous
terminator.

Events detected in Continuous Context: As defined above occurrence time of “A*” is
the occurrence time for accumulated E,. As shown in Figure 7, event e3l occurrence
terminates events initiated by ell and e12. Thus event e3l accumulates event 622 and e23
along with initiators. In this example you can note that event 623 [8, 9] contains 622 [7, 10].
Thus two events are detected over an interval [7, 10] and they are:

(e, e, &2, e3) [7, 101, e/, e, €27, e5) [7, 101}

4.2. Comparison of Events

In section 4.1 we have formally defined Snoop operators for event detection over a sliding
window using interval-based semantics. Event consumption modes play a crucial role in
event detection, since applications are domain specific and require different combinations
of events. As we can see from Table 1, events detected over a sliding window by all the
operators using event histories are subsets of events detected from unrestricted context.



Table 1. Comparisions of events detected using unrestricted and continuous contexts

Events Contexts
Operators Unrestricted Continuous
Sequence | {(ei', &) [3, 101, (e, &) [4, 101, | {(ei’, &) [3, 10], (1%, &) [4, 10], (e,
(e} &) [3, 121, (e, &) [4, 12], ) [8,12])

(e, &) 8, 12]}
Not {(e) &) [4, 101, (e &) [4, 121, | {(e), &) [4, 101, (e, &) [8, 12]}
(e, &) 8, 12]}

Aperiodic {(ell’ ezz) [8,9], (612, ezz) [8,9], {(ell’ ezz) [8, 9], (312, ezz) [8, 9], (ell’ 623)
(e, ") [7,10], (e’ ") [7, 101} | [7, 101, e/, &) [7, 101}
A* {(ell’ ezz, 623, e31) [7,10], {(ell’ ezz, 623, e31) [7,10],
(elzv 6227 6237 631) [77 10]} (elzv 6227 6237 631) [77 10]}

5. Conclusions and Future Work

Recently, there has been some work done in the interval-based semantics. [20] has formal
definition for unrestricted context and [21] has formal definition in recent context. Trend
analysis and forecasting applications (e.g., securities trading, stock market, and after-the-
fact diagnosis) need event detection along a moving time window. In this paper, we have
formally defined Snoop event operators for detecting events over a sliding window (or in
continuous context) using interval-based semantics. We have also shown that events
generated using continuous context is subsets of the unrestricted context. All operators
have been formally defined and algorithms have been developed for continuous context
and implemented in Sentinel [5]. All the operators defined in this paper assume that
events can overlap and it would be interesting to extend the semantics of operators to
detect composite events that are disjoint using interval semantics.
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