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ABSTRACT

Many formalisms have been proposed for specifying patterns of
events and responses to the recognition of such patterns. Too of-
ten, these formalisms are intricate, unintuitive, and unfamiliar to
typica programmers. We propose an alternative that is ssimple,
intuitive, and familiar: regular expressions with placeholders for
particular types of events, interleaved with actions that perform
computations and emit output events. We have designed and im-
plemented a language called EventScript that uses such regular
expressions as the basis for building event-processing applications.
Through dozens of short examples, spanning the spectrum from
device-level events to cyber-physical system events to business
events, we show that regular expressions with actions are a pow-
erful and versatile basis for specifying event-processing logic.

Categories and Subject Descriptors

C.3 [Special Purpose and Application-Based Systems]: Real-
time and embedded systems, D.2.2 [Software Engineering]:
Design Tools and Techniques — Sate diagrams; D.3.3 [Pro-
gramming Languages]: Language Constructs and Features —
Patterns; H.2.4 [Database M anagement]: Systems — Rule-based
databases; 1.5.1 [Pattern Recognition]: Models — Structural; J.1
[Administrative Data Processing]: Business; J.7 [Computersin
Other Systems]: Industrial control; Process control; Real time

General Terms
Algorithms, Design, Languages

Keywords
event processing; reactive programs, event patterns; regular ex-
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1. INTRODUCTION

Many previous approaches for specifying patterns of events are
extremely intricate, providing a dizzying range of unfamiliar op-
erators, modes, and options. We assert that a much simpler and
more familiar approach—the use of regular expressions to specify

patterns of events—is sufficient for a wide variety of event-
processing applications.

Event patterns arise at many levels of event-processing systems.
Close to the hardware, event patterns can be used to interpret raw
sensor input as an indication of a physical occurrence or condi-
tion—for example, to sample sensor signals periodicaly or to
report a set of closely spaced signals from an RFID tag asasingle
tag reading. In a cyber-physical system, event patterns can be
applied to indications of the physical occurrences to detect situa-
tions meaningful to an application, such as a combination of sig-
nals from light-beam detectors and RFID readers indicating that a
package on a conveyor belt is missing an RFID tag, or computing
the average time it takes for car-mounted RFID tags to get from
one point on a highway to the next. At the business-process level,
event patterns can be applied to sequences of business events
produced by business IT systems, to maintain inventories at ap-
propriate levels or monitor suspicious patterns of ATM withdraw-
als. Event-processing systems at these various levels have differ-
ent nonfunctional requirements: Near the hardware level, real-
time response is important, and near the business-process level,
recoverability without data loss is important. However, we assert
that the same kinds of compound-event patterns are useful at each
level. The single regular-expression model we propose here can
be implemented by various systems with various nonfunctional
characteristics.

We have defined and implemented a language called EventScript
for writing regular expressions that match sequences of incoming
events. Placeholders in these regular expressions match incoming
events of particular event types. Actions performing computations
and emitting output events can be embedded within the regular
expression. EventScript also provides for events triggered by the
passage of time and the grouping of events into separate event
streams, each of which is matched independently against the same
regular expression, based on the contents of the incoming events.

A previous paper [5] focuses on details of the EventScript lan-
guage and on programming-language design and implementation
issues. Our focus here is on paradigms for using regular expres-
sions to solve practical rea-world event-processing problems,
illustrated by several dozen short EventScript examples. We ex-
plain EventScript language features as they arise in our examples,

but the reader is referred to [5] for a comprehensive discussion of
language constructs and rules.

This paper is structured as follows. Section 2 compares our ap-
proach to previous approaches for defining compound-event pat-



terns. In Section 3 we define our fundamental notions of an event

and an event-processing program. Section 4, which constitutes the
bulk of the paper, illustrates the use of regular expressions for
applying ten paradigms that are common in event-processing ap-
plications; each paradigm is illustrated by an example involving
embedded devices, an example involving cyber-physical systems,
and an example involving business. Section 5 observes that
EventScript programming is conducive to distinct styles of pro-
gramming, in which the state of the computation is reflected either
by current positions within a regular expression or by the values
of variables. Section 6 describes current implementations of

EventScript and Section 7 summarizes our argument for the use of
regular expressions.

2. PREVIOUS APPROACHES

Most approaches to the specification of event patterns can be
traced back to active databases, such as HiPAC [7]. Event-
condition-action rules for such databases can be written at a more
abstract level by viewing certain combinations of low-level data-
base events as constituting higher-level compound events.

In the COMPOSE event system [9] for the Ode object database, a
compound event E[h] is a subset of a history, h, of event occur-
rences. Compound-event operators are defined in terms of set
operations on event histories. A primitive event p maps a history h

to the set of all event occurrences of p in h; EAF, where E and F

are event expressions, maps h to E[h]NF[h]; ! E maps h to h—E[h].

Other compound-event operators are defined in terms of these.
For example, prior(E,F) takes place when F takes place and E has
taken place some time earlier; sequence(E,F) takes place when E
takes place on one event occurrence and F takes place on the next;
(<n>E) takes place the n'" time that E takes place; (every <n> E)
takes place every n' time that E takes place; E | F maps a history
h to F[E[h]]. Named composite events are defined by rules, for
example A(xy) = prior(B(x),C(y)), that associate a hame with an
event expression and specify how attributes of the composite
event are computed.

The NAOS compound-event model [6] features event expressions
consisting of placeholders for single primitive events of a speci-
fied type, joined by eight operators. negation, disjunction, con-
junction, exclusive or, sequence (in which the set of primitive
events matching the left operand may overlap in time with the set
matching the right operand), strict sequence (in which al primi-
tive events matching the left operand must precede all events
matching the right operand), iteration (matching a fixed number of
occurrences of events that each match the operand, with the set of
primitive events matching the operand on different iterations po-
tentially overlapping in time), and strict iteration (matching a
fixed number of occurrences of events matching the operand, with
the set of primitive events matching the operand on one iteration
preceding the set of primitive events matching the operand on the
next iteration). Negation and exclusive or are defined in part in
terms of the absence of an event during a validity interval. Valid-
ity intervals of expressions are defined recursively in terms of the
subexpression structure.

In SAMOS [8], compound events are constructed from other
events using seguence, conjunction, disunction, testing for the
absence of an event during a specified monitoring interval, and

collapsing occurrences of a specified type of event during a speci-
fied monitoring interval into a single occurrence. A monitoring
interval is defined in terms of starting and ending events or times,
or by the union, intersection, or repetition of other monitoring
intervals. Fixed rules define the attributes of a compound event in
terms of the attributes of its constituents. A coupling mode deter-
mines whether the condition of an even-condition-action rule and
any resulting action are processed immediately upon event detec-
tion, deferred until the end of the triggering transaction, or exe-
cuted asynchronously. Programmed priorities determine the order
in which multiple eligible rules are executed.

In Amit [1], a rule defining an event pattern is active during a
lifespan delimited by events or times. Some rules are triggered by
the presence or absence of certain sets of event occurrences during
the lifespan (e.g., occurrences of each of a specified list of event
types, optionally in a specified order; any single occurrence of any
of a specified list of event types; the occurrence of at least a speci-
fied number of such events, optionally with the stipulation that
each event be of a different type; the occurrence of at most a
specified number of events of one of a specified set of event types,
optionally counting at most one event of each type; or, for two
specified event types, an occurrence of the first type and no occur-
rence of the second type). Other rules are triggered by the passage
of time. Each event type in arule may be accompanied by a predi-
cate that an arriving event must satisfy; a predicate indicating
whether the arriving event should contribute to multiple situation
occurrences or just one; and a quantifier indicating whether to use
all eligible events of that type that arrive during the lifespan, only
the first, or only the last. There is an option to control whether an
event that cannot contribute to a situation as soon as it arrives
should be discarded or retained for possible use later. For situa-
tions that can be detected before the end of the lifespan, thereisan
option to timestamp the situation with either the time of detection
or the time of lifespan termination. Amit also provides an elabo-
rate set of options for managing lifespan initiation and termination.

In the Rapide event pattern language [12], an input adapter orders
events in a partial order called causal order, in a manner not
specified by Rapide. A basic event pattern matches a set consist-
ing of a single event occurrence, with suitable attribute values.
More complex patterns consist of two patterns joined by a binary
relational operator. Three of the relational operators, called struc-
tural operators, match al unions PUQ of event sets such that for
al peP and geQ, p and g have a particular tempora or causal
relationship. Other relational operators are defined in terms of
traditional set operations. A repetition pattern specifies a number
of repetitions (possibly unbounded), a structural operator, and a
subpattern to be repeated, with the stipulation that the structural
operator hold between the event sets matched on subsequent itera-
tions. Any pattern may have a predicate that must be true in order
for the pattern to match.

Other mechanisms for specifying compound events include the
Snoop event-specification language for the Sentinel database [3]
and Trigs[11].

While many previous approaches introduce mathematical notions
and abstractions unfamiliar to the typical programmer, regular
expressions are familiar to the users of languages like awk, C#,

Java, JavaScript Perl, PHP, Python, Ruby, and Visua Basic and
tools like grep, sed, and vi. Unlike subsets of event histories, va-



lidity intervals, monitoring intervals, rule priorities coupling
modes, lifespans, quantifiers, and matching event sets, regular
expressions offer an intuitive underlying model—the matching of
a sequence of symbols against a pattern that can be reduced to
sequence, repetition, and alternative constructs.

3. THE EVENT MODEL

Before presenting examples, we explain our fundamental view of
what an event is and what an EventScript program does. An
EventScript program consumes input events that arrive in some

well-defined order and emits output events in a well-defined order.

(Events emitted by one EventScript program may be consumed by
another.) Every event has a name and carries a value belonging to
some data type. All events with a given name carry values of the
same data type. EventScript has primitive data types such as boo-

| ean, | ong, doubl e, string, and time, as well as structure
types and array types. The correspondence between event names
and entities in the real world is not defined by EventScript, mak-
ing the language applicable in awide variety of milieus.

4. BASIC PROGRAMMING PARADIGMS

In this section, we consider ten paradigms that arise repeatedly in
event-processing applications, and show how regular expressions
can be used to apply those paradigms. The ten paradigms are:

event trandation

monitoring during an interval

periodic processing

filtering

reacting to the absence of an event

joining data from asynchronous streams

event grouping

associative lookup

piping

Weiillustrate each paradigm with an example involving embedded
devices, an example involving a cyber-physical system (i.e., one
performing data processing related to the physical world), and a
business example. The line between device-level and cyber-
physical applications, and the line between cyber-physical and
business applications, are fuzzy. We have not agonized over the
appropriate classification of borderline examples, but have en-

deavored to present a collection of examples that span the spec-
trum from clearly device-level to clearly business-level.

4.1 Event Trandlation

Perhaps the simplest kind of event-processing application is one
that trandlates each event in an input stream into a corresponding
output event. The translation may involve, for example, reformat-
ting, conversion of units, or the dropping of certain attributes.

4.1.1 Device-Level Example

A sensor periodically emits a scaled integer representing 1000
times the sensed temperature in degrees Celsius, but our applica
tion logic requires temperatures expressed in degrees, as floating-
point numbers. The following EventScript program implements a
“virtual sensor” of the kind required by the application, taking
events of the form produced by the hardware as input and emitting
events of the form required by the application logic as output:

in | ong RawReadi ng
out doubl e DegreesC

( RawReadi ng(n) { !>DegreesC(n/1000.0); } )*

The first two lines indicate that there is an input event named
RawReadi ng, carrying a value of type | ong, and an output event
named Degr eesC, carrying a value of type doubl e. These event
declarations are followed by a regular expression of the form R*,
denoting a sequence of zero or more occurrences of event se-
quences matching the pattern R. In this case, the pattern R is a
sequence consisting of the event marker RawReadi ng(n) fol-
lowed by the action sequence { ! >DegreesC(n/1000.0); }.
The event marker matches a single RawReadi ng input event and
assigns the value carried by that event to the variable n. (The tar-
get variable in an event marker can be omitted if there is no need
to capture the value carried by the matched event.) The action
sequence consists of a single action, which computes the value
n/ 1000. 0 and emits a Degr eesC event carrying that value.

4.1.2 Cyber-Physical Example

A system needs to trand ate incoming Degr eesC eventsinto Col d,
Nor mal , and Hot events, depending on whether they carry tem-
peratures less than 5°C, in the range 5°C to 25°C, or greater than
25°C, respectively. Here is the program:

in doubl e DegreesC
out {} Cold, {} Normal, {} Hot

( DegreesC(t)
{ t <50 ? !>Cold({});
ct <= 25.0 ? !'>Nornal ({});
I>Hot ({});

) *

The output events Col d, Nor mal , and Hot are declared to carry
values of type{}, the structure type with no fields; thisis the type
of value carried by events that serve as pure signals, carrying no
information other than their names. The action in this case is a

conditional action that executes one of three different emit actions
depending on the value of t .

Another solution to this problem uses an EventScript feature
called event classification. In the program

in doubl e DegreesC
case { DegreesC < 5.0 ? Coldln
DegreesC <= 25.0 ? Normal I n
Hotln }

out {} Cold, {} Normal, {} Hot
( Coldin() { !>Cold({}); }
Normal In() { !>Normal ({}); }

HotIn() { !>Hot({}) }

)*

the case construct in the declaration of input event Degr eesC
specifies that each incoming Degr eesC event will be classified as
either a Col dI n, Nor mal I n, or Hot I n event, depending on the
value it carries, and matched accordingly. This program contains a
regular expression of theform R, | ... | R,, which matches any
event sequence matching any of the regular expressions R; ... R,.
R; ... R, are called alternatives. Each aternative in this example



includes an emit action that is executed when it is reached in the
matching process.

4.1.3 Business example

Incoming Sale and Purchase events with unsigned cash
amounts are to be trandlated into outgoing Bal anceChange
events with signed cash amounts:

in {string salelD; |ong anobunt;} Sale,
{string purchasel D; |ong anount;} Purchase

out {string transationType;
string transactionlD;
| ong anmount ;} Bal anceChange

( Sal e(s)
{ !>Bal anceChange
( {transactionType: "S",
transactionl D s.salelD,
amount: s.anmount} );

}

Pur chase(p)
{ !>Bal anceChange
( {transactionType: "P",
transactionl D p. purchasel D,
anmount: p.anmount} );
}
) *
The input and output events of this program carry values belong-
ing to structure types, which have fields with specified names and
values. The expressions in the emit actions specify the construc-
tion of structure values, given expressions for each field of the
structure.

4.2 Monitoring During an Interval
The notion of reacting to an event that occurs during an interval of
interest is so fundamental to event processing that some event-

pattern formalisms have special constructs to define such intervals.

In EventScript, the events marking the beginning and end of the
interval are simply included in the pattern to be matched.

4.2.1 Device-Level Example

The following program runs a radiation detector that samples the
number of particles striking it during the first ten seconds of every
minute and emits a Sample event at the end of each sampling
interval:

in{ } Particle
out {time sanpleTinme; long count; } Sanple

( Particle()*
arrive[.:.:00](startOf M nute) { n=0; }
( Particle() {n=n+l;} )*
arrive[.:.:10]()
{ !'>Sanpl e
({sanpl eTine: start &f M nute, count:n}); }
)*

In addition to named events corresponding to event messages
arriving from the outside, EventScript recognizes time events,
corresponding to the arrival of a particular time. Such an event
can be matched by an event marker of the following form:

arri ve[ year- month- day hour: minute: second: msec: «sec] (t)

Any of the fields may be replaced by awildcard, denoted by a dot.
If the matching process is positioned just before this event marker
when a matching time is reached, the event marker is matched and
the time of matching (a value of typeti me) is stored in the vari-
able t. Certain fields can be omitted, with natural defaults. Thus
this program matches repetitions of a pattern consisting of zero or
more Par ti cl e events that are not counted, the arrival of second
0 of any minute, zero or more Parti cl e events that are counted,
and the arrival of second 10 of any minute.

4.2.2 Cyber-Physical Example

The beginning and end of the interval of interest need not be time-
related. Consider a home-security system that includes a motion
detector. The system’s control processor receives an Acti vate
event when the alarm is activated, a Deact i vat e event when the
alarm is deactivated, and a Moti on event each time the system
detects motion. A Mdti on event arriving during an interval in
which the alarm is activated should cause an I ntrusi onAl ert
event to be emitted, but a Mot i on event received at any other time
should be ignored. The regular expression in the following pro-
gram describes the life cycle of this system:

in{ } Activate, { } Deactivate, { } Mtion
out { } IntrusionAlert

( Motion()*
Activate()
( Motion() { !'>IntrusionAlert(); } )*
Deacti vate()

)*

4.2.3 Business Example

By computing time values, an EventScript programmer can con-
struct an interval of interest that starts with a named event and
ends a specified amount of time after the arrival of that event. For
example, the following program enables a business process to
issue an Audit event if two or more Steel Del i very events
occur within a 24-hour period:

/lignore

in string Steel Delivery
out string Audit

( Steel Delivery()
{ endO I nterval =hoursAfter(24,nowm)); }
( Steel Delivery(deliverylnfo)
{!>Audi t (deliverylnfo);}

arrive[ (endOf I nterval )] ()

(The action setting the variable endCf I nt er val calls the built-in
functions now, which returns the current time, and hour sAf t er,
which returns the time a specified number of hours after a speci-
fiedtime. Inan arri ve event marker, the date-time pattern can be
replaced by a parenthesized expression of typeti ne.)

4.3 Periodic Processing
Time events can be used to achieve periodic behavior.

4.3.1 Device-Level Example

The following program receives Devi ceReadi ng events at arbi-
trary intervals and issues Per i odi cReport events, carrying the
value of the most recent Devi ceReadi ng event, every second:



in doubl e Devi ceReadi ng
out doubl e Peri odi cReport

{ next Report=secondsAfter(1, nom));
| atestValue = 0.0; }

( Devi ceReadi ng( | at est Val ue)
I
arrive[ (next Deadline)] ()
{ !>Periodi cReport (I at est Val ue);
next Report =secondsAfter (next Report, 1); }
) *
The timing of input events and the timing of output events are
decoupled: If several input events arrive during the same second,
only the last one is reported; if no input events arrive during some
second, the latest one from some previous second is reported.

4.3.2 Cyber-Physical Example

The following program counts cars entering and leaving a parking
garage, and reports once each minute on the number of carsin the
garage:

in{ } CarEntering, { } CarlLeaving

out | ong Car Count

{ count=0; }

( CarEntering() { count=count+1; }
I

Car Leavi ng() { count=count-1; }

|
arrive[.:.]() { !>CarCount(count); }
)*

4.3.3 Business Example

The following program reports total sales for the day at 5:00 p.m.
each day:

in doubl e Sal eAmpunt

out doubl e Dail ySal esTot al

( { sum= 0.0;
( Sal eAmount (x) {sunFsumtx;} )*
arrive[17:00] ()
{ !'>DailySal esTotal (dailyTotal); }
)*

4.4 Filtering
Filtering is the emitting of an output stream containing events that
correspond to a subset of the eventsin an input stream.

4.4.1 Device-Level Example

The following EventScript program presents a sensor that emits
repeated temperature readings as a virtual device that emits alerts
about temperature readings over 150°C:

in doubl e Tenperature
case { Tenperature > 150.0 ? Hi ghTenperature }

out doubl e Overheati ngAl ert

( Hi ghTenperature(t)

{ !> OverheatingAlert(t); }
) *
(The “else part” of an event-classification case construct can be
omitted. An input event not satisfying any of the conditionsin the
case construct is dropped from the sequence of events that is
matched against the regular expression.)

4.4.2 Cyber-Physical Example

A common form of stateful filtering is duplicate filtering. The
following program in a cyber-physical system receives a continual
stream of input events reporting the current zone in which a piece
of equipment is located, and emits a single output event only
when the current zone changes:

in string CurrentZone
out string NewZone

{ previousZone=""; }

( CurrentZone(z);
{ z != previousZone ?
{ !>NewZone(z); previousZone=z; }

)*

4.4.3 Business Example

Another form of stateful filtering is reporting when certain thresh-
olds have been crossed. The following program receives a Mar -
ket Open event at the start of atrading day, aMar ket Cl ose event
at the end of the trading day, and a stream of Ti cker events dur-
ing the trading day. The program emits Up and Down events when
a quote for stock XYZ has risen or fallen two percent from the
first trade of the day or from the amount reported in the most re-
cent Up or Down event of the day:

type StockQuote = {string synmbol; double price; }

in { } Mrket Open,
{ } Marketd ose,
St ockQuot e Ti cker
case {Ticker.synbol ="XYZ" ? XYZQuot e}

out StockQuote Up, StockQuote Down

( Market Open()

XYZQuot e(q) {threshol dsNeedSetting = true; }

( { threshol dsNeedSetting ?
{ topThreshold = 1.02*q. price;
bot t onTThreshol d = .98 =*q. pri ce;
t hreshol dsNeedSetting = fal se; }

}
XYZQuot e( q)
{ g.price >= topThreshold ?
{!>Up(q); threshol dsNeedSetti ng=true;}
g.price <= bottoniThreshold ?
{!>Down(q); threshol dsNeedSetting=true;}

}
)*
Mar ket Cl ose()
)*

4.5 Reacting to the Absence of Events
Event processing often entails reacting to the fact that an event
has not occurred within some interval of interest.

4.5.1 Device-Level Example
The following program repeatedly reports when a signa from a
radio beacon has not been received for 10 seconds:

in{ } Signal
out { } Tineout

( Signal () | elapse[10 sec]() {!>Timeout({});} )*



4.5.2 Cyber-Physical Example

To ensure that every package on a conveyor belt has an RFID tag,
we use an RFID reader alongside the belt with light-beam sensors
before and after it. A package is assumed to be within range of the
RFID reader from the time it interrupts the first light beam until
the time it interrupts the second light beam. If no RFID reading
occurs during this interval, a M ssi ngTag event is emitted. The
same RFID tag may be read severa times as it travels down the
conveyor belt, and on occasion an RFID tag might be read from a
distance, before it is between the light-beam sensors. The follow-
ing program checks for the absence of aTagRead event between a
BeantlBl ocked event and a subsequent Bean2Bl ocked event:

in {} BeamlBl ocked, {} TagRead, {} Bean2Bl ocked
out { } MssingTag

( TagRead()*
BeamlBl ocked()
( TagRead() + Bean2Bl ocked()

I
Bean2Bl ocked() { !>M ssingTag({}); }
)

)*

(The regular expression TagRead( ) + matches one or more occur-
rences of TagRead events.)

4.5.3 Business Example

The following program, enforcing a safety process, issues an | n-
spect i onOver due event when three days pass without the arri-
val of anl nspecti onConpl et ed event:

in { } InspectionConpleted
out { } InspectionOverdue

( {deadl i ne=daysAfter(3, now));}
( I nspecti onConpl et ed()
I

arrive[(deadline)]()
{!>I nspectionOverdue({});}
)
)*

4.6 Joining Data from Asynchronous Streams
Much event processing entails receiving data arriving asynchro-
nously from two or more input streams, maintaining some sort of
current state based on the latest data from each stream, and emit-
ting output events based on the current state. Output events might
be triggered by arrival of a new event from one of the streams,
arrival of a new event from any of the streams, or by the passage
of time.

4.6.1 Device-Level Example

A controller sets awarning light may either to remain off, to blink
once a second, or to remain on. There are many client processes
that may send the warning-light controller either a Start-
Soft Alert event followed eventually by an EndSoftAl ert
event, or a Start HardAl ert event followed eventually by an
EndHar dAl ert event. The current state in this case consists of
the number of pending soft alerts and the number of pending hard
aerts. If there is at least one hard aert pending, the light should
remain on; otherwise, if there at least one soft alert, the light
should blink; otherwise, the light should remain off. Here is a
program that receives events starting and ending hard and soft
alerts and issues alternating On and OF f events to control the light:

in{ } StartSoftAlert, { } EndSoftAlert,
{ } StartHardAlert, { } End HardAl ert

out { } On, { } Of

{ softCount=0; hardCount=0; I|ightOn=false;
next Bl i nkTi me=mi | | i secondsAfter (500, now()); }

( Start Soft Alert(){ softCount=softCount+1; }

EndSoft Al ert (){ softCount=softCount-1; }

|
StartHardAl ert ()

{ har dCount =har dCount +1;
har dCount ==1 && !l i ght On?
{ '>On({}); lightOn=true; }

EndHar dAl ert ()
{ har dCount =har dCount - 1;
har dCount ==0 && soft Count==0 ?
{ I>Of({});lightOn=fal se; }

|
arrive[ (nextBlinkTinme)]()
{ hardCount==0 && soft Count>0 ?
{ lightOn ?
{ '>O0f({}); lightOn=false; }
{ '>On({}); lightOn=true; }

next Bl i nkTi me =
m || i secondsAf er (500, next Bl i nkTi ne) ;
}

) *
4.6.2 Cyber-Physical Example

A software air-conditioning thermostat receives Set Tar get
events from a process that uses personal preferences, current re-
giona demand for electricity, and the time of day to compute
target temperatures. The thermostat also receives Tenper at ur e
events from a temperature sensor, and emits a Tur nCool i ngOn
event when the current temperature rises to two degrees above the
target temperature, followed by a Tur nCool i ngOf f event when
the current temperature falls to two degrees below the target tem-
perature. In this case, the current state consists of the target tem-
perature and the actual measured temperature. Here is the
EventScript program for the thermostat:

in doubl e Set Target, double Tenperature
out TurnCool i ngOn, TurnCool i ngOf f

{ target=25; actual =25; cool i ngOn=fal se; }

( ( SetTarget(target) | Tenperature(actual) )
{ actual >= target+2.0 && !coolingOn ?
{ !TurnCool i ngOn({}); coolingOn=true; }
actual <= target-2.0 && coolingOn ?
{ !'TurnCool i ngOf ({}); coolingOn=false; }
}
)*
4.6.3 Business Example
A warehouse replenishment process receives an Or der Recei ved
event when an order is received from a customer, a Shi pnent -
Recei ved event when products are delivered to the warehouse
from the manufacturer, and an OrderFul fill ed event when
items are shipped from the warehouse to the customer. Each of
these events carries a number of items. When the current ware-
house inventory falls more than 10 below the number of itemsin
pending orders, the process issues a Resupp! yRequest event to



request the manufacturer to deliver a number of items that will
raise the inventory to 20 more than the number of items in pend-
ing orders. The current state consists of the number of itemsin the
warehouse inventory and in pending orders. Here is the program:

in long OderReceived, |ong ShipnentReceived,
long OrderFul filled

out | ong Resuppl yRequest
{ pendi ngFul fillnent=0; inStock=0; }

( ( Or der Recei ved(i t enCount)
{ pendingFulfillnent =
pendi ngFul fill ment+i temCount; }

OrderFul filled(itenCount)
{ inStock=i nStock—itenmCount; }

{ surplus =
inStock — pendi ngFul fill nent;
surplus < 10 ?
! >Resuppl yRequest ( 20- sur pl us) ;
}

|
Shi pnent Recei ved(i t emCount)
{ inStock=i nStock+itenmCount; }

)*

4.7 Event Grouping
It is often useful to group arriving events based on the values they
carry, and to look for patterns only among events in the same

group.

4.7.1 Device-Level Example

We wish to report closely spaced readings of the same RFID tag
by the same reader as a single event. In effect, we want to perform
duplicate elimination separately for each combination of tag and
reader. The following program reports readings of the same tag by
the same reader as a single event unless they are separated by a
ten-second interval in which that tag was not read by that reader:

type RFIDReading =
{string readerl D
string taglD;
time tinestanp;}

in RFlIDReadi ng RawReadi ng
gr oup( RawReadi ng. reader | D, RawReadi ng. t agl D)

out RFI DReadi ng Uni queReadi ng

RawReadi ng(r) { !>Uni queReadi ng(r); }
RawReadi ng() *
el apse[ 10 seconds] ()

The group clause in the declaration of RawReadi ng stipulates
that incoming RawReadi ng events will be grouped according to a
grouping key computed from the value carried by each event. In
this case, the grouping key has two parts, corresponding to the
reader | Dand t agl D fields of the incoming RawReadi ng event.
(The values of grouping-key parts may be specified by arbitrarily
complex expressions; within these expressions, the name of the
event being declared—RawReadi ng in this case—represents the
value carried by the incoming event for which a grouping key isto
be computed.) In effect, for each grouping-key value, a separate
instance of the program executes, and each incoming event is
directed to the instance corresponding to its grouping key.

In this example, each grouping-key value corresponds to a unique
reader/tag combination. The first reading for a given combination
is echoed in a Uni queReadi ng output event. Subsequent
RawReadi ng events for the same reader and tag match
RawReadi ng() *, and are ignored until 10 seconds elapse without
such an event. Then the el apse event marker is matched, and the
execution instance corresponding to this grouping key terminates.

4.7.2 Cyber-Physical Example

An active-badge location-tracking system enforces a rule that a
visitor to a business and his host or must remain within 10 meters
of each other. The system issues an aert when the host and visitor
are too far apart, or when a minute passes without a position up-
date for one of them. Locations within the building are described
by a two-dimensional coordinate system in which one unit equals
one meter. When a visitor enters the building, at location (0,0), he
isissued a badge by a receptionist, who registers the host assigned
to that visitor. The location-tracking system then begins issuing a
stream of Vi sit or events, carrying the visitor's ID and location.
It also tracks the location of each registered host, and issues a
Host event for each visitor assigned to that host, containing the
ID of the visitor and the location of the host. This alows an
EventScript program to group Vi si t or and Host events by visi-
tor ID, so that there is a separate execution instance for each visi-
tor, tracking the location of that visitor and his host. When the
visitor turns in his badge at the end of the visit, an Unr egi st er

event containing the visitor’s ID is sent to the EventScript pro-
gram to signal that the execution instance corresponding to that
visitor ID can be terminated. Here is the program:

type Point = {double x; double y;}

type BadgeReport =
{string visitorl D, Point |ocation;}

i n BadgeReport Host group(Host.visitorlD),
BadgeReport Visitor group(Visitor.visitorlD),
string Unregister group(Unregister)

out BadgeReport Unacconpani edVisitor,
string Host Not Seen,
string VisitorNot Seen

{ NI TI AL_REPORT =
{ visitorID: group[O],
location: {x: 0.0, y: 0.0} };
I NI TI AL_REPORT;
% I NI TI AL_REPORT;
host Deadl i ne = minutesAfter(1, now));
vi sitorDeadl i ne = host Deadl i ne;

h

( ( Host(h)
{host Deadl i ne=mi nut esAfter (1, now));}
I

Visitor (v)
{vi sitorDeadl i ne=m nutesAfter (1, nom));}
)
{ deltaX = v.location.x-h.location.x;
deltaY = v.location.y-h.location.y;

del taX*deltaX + deltaY*deltaY > 100 ?
I >Unacconpani edVi si t or
( {visitorID: group[O],
location: v.location} );



arrive[ (hostDeadline)] ()
{ !>Host Not Seen(group[0]);
host Deadl i ne =
m nut esAfter (1, hostDeadline); }

arrive[(visitorDeadline)]()
{ !>VisitorNot Seen(group[0]);
vi sitorDeadline =
m nut esAfter (1, visitorDeadline); }

*

Unr egi ster()

For each execution instance of a program that uses grouping, an
expression of the form gr oup[ n] evaluates to the n" part of that
instance's grouping key, where parts are numbered starting from
zero. (In this example the grouping key has only one part.) In
addition to grouping, this program illustrates several paradigms
that we discussed earlier: reacting to the absence of events, peri-
odic processing, and the joining of data from asynchronous
streams.

4.7.3 Business Example

The warehouse replenishment example of Section 4.6.3 assumes
that there is only one kind of item to be tracked. We can easily
generdize this program by adding an item ID to each event and
grouping by item ID:

type Item nfo{string item D; |ong count;}

in Item nfo O derReceived
group(Order Recei ved.item D),
Item nfo Shi pnent Recei ved
gr oup( Shi pnent Recei ved.item D),
Item nfo OrderFulfilled
group(OrderFul filled.item D)

out Item nfo Resuppl yRequest

{ pendi ngFul fillnent=0; inStock=0; }

( ( Or der Recei ved(r)
{ pendingFulfillment =
pendi ngFul fill nent+r.count; }

OrderFul filled(f)
{ inStock=inStock-f.count; }
)
{ surplus =
inStock — pendi ngFul fill nent;
surplus < 10 ?
I >Resuppl yRequest
( {item D: group[0],
count: 20-surplus} );
}
|

Shi pnent Recei ved(sr)

{ inStock=inStock+sr.count; }
)*
Each execution instance of this version has its own copies of vari-
ables pendi ngFul fi | | ment andi nSt ock, and, for one particu-

lar item 1D, mimics the behavior of the version in Section 4.6.3.

4.8 Associative Lookup

Grouping can be used to perform associative lookup. In effect, a
program with grouping implements a mapping from grouping-key
values to the variables and other state information of a particular
execution instance.

4.8.1 Device-Level Example

An RFID reader emits events consisting of a reader ID (a cryptic
number such as a MAC address), atag ID, and a timestamp. The
following EventScript program implements an abstract RFID
reader that emits events consisting of an abstract location name, a
tag ID, and atimestamp:

in {long reader|D; string |ocationNane}
Regi st er Reader Locat i on
group( Regi st er Reader Locati on. reader| D),

{long readerID; string tagl D, tinme when;}
RawReadi ng gr oup( RawReadi ng. r eader | D)

out { string |ocationNamne;
string taglD;
time when; } Abstract Reading

Regi st er Reader Locat i on(regi stration)
{ nyLocationNane = registration.|ocationNane; }

( RawReadi ng(r)
{ !'>Abstract Readi ng
( {!ocationNane: nyLocati onNane,

tagl D r.tagl D,

when: r.when} ); }
) *
At system startup, initialization code emits a Regi st er Reader -
Locati on event for each RFID reader, specifying the hardware
reader 1D and abstract location name for that reader. EventScript
creates an execution instance for each hardware reader ID and
sends the event to that instance, which saves the abstract location
name in its own copy of the variable nyLocationNane.
EventScript sends each subsequent RawReadi ng event to the
execution instance storing the appropriate abstract location name,
so that the appropriate event trand ation can be performed.

4.8.2 Cyber-Physical Example

New York State has introduced a system that uses RFID tags in
cars, normally used to pay tolls, to sample the travel time between
two readers and post travel advisories about expected travel times

Error! Reference source not found.[13]. The following program
receives events reporting RFID readings and emits events contain-
ing anonymous samples of the travel time for a given tag between
two consecutive readers:

in {string readerI D, string taglD; tine when;}
Readi ng group(Readi ng.tagl D)

out { string fronReader;
string toReader;
long travel Time;} Sanple

Readi ng(r)
{ prevReader=r.readerl|D; prevTi me=r.when; }

( Reading(r)
{ !'>Sanpl e
( { fronmReader: prevReader,
toReader: r.readerl D,
travel Ti ne: mi nut esBet ween
(prevTi me, r.when)

prevReader =r. r eader | D;
prevTi me=r. when;

}

*

el apse[ 1 hour] ()



(The built-in function ni nut esBet ween takes two values of type
ti me and returns the number of minutes between those two times
as arounded integer.) The initial reading of a given tag creates an
execution instance for that tag ID, and the relevant historical in-
formation for that tag is stored in the pr evReader and prevTi ne
variables of that instance. Subsequent Readi ng events for that tag
are directed to the same execution instance. After an hour passes
without a reading from a given tag, the corresponding execution
instance matches the el apse event marker and the instance ter-
minates.

4.8.3 Business Example

The following program receives ATMJse events whenever an
ATM card is used, groups these events by card ID, and issues an
alert whenever the same card is used more than once within six
hours:

in {string cardlD; string |ocation} ATMJse
group( ATMJse. car dl D)
out string Tw cel nSi xHour s

ATMJse()
( ATMJse() { !>Twi cel nSi xHours(group[O]); } )*
el apse[ 6 hours] ()

The first use of a card after six hours creates a new execution
instance, and subsequent uses of the card without a six-hour gap
are directed to the same instance. After six hours pass without
another use of the card, the el apse event marker is matched and
execution terminates. In this case, the relevant information re-
trieved by associative lookup is not the value of avariable, but the
instance’s internal record of how much time has passed since its
last ATMUse event.

4.9 Piping

Many event-processing problems can be simplified by decompos-
ing them into stages of a pipeline, in which the output events
emitted by one stage are fed as input events into the next stage.
Sometimes the simplification results from separating different
aspects of the problem into different stages, or by filtering out
irrelevant information. Sometimes the simplification results from
the use of event grouping to group datain different ways at differ-
ent stages. Sometimes the simplification results from resolving a
clash between the structure of the origina input stream and the
structure of the ultimate output stream by introducing an interme-
diate stream whose structure is compatible with both.

4.9.1 Device-Level Example

The warning-light-controller program of Section 4.6.1 addresses
two distinct concerns—determining what kind of aert, if any,
should be signaled and controlling the blinking of the light for soft
dlerts. We can separate these concerns into two simpler
EventScript programs, or stages, by introducing intermediate
events Of f Mode, Bl i nki ngMbde, and OnMode emitted by the first
stage and received by the second stage. The first stage is responsi-
ble for determining when mode changes should take place, and
signaling those changes:
in{} StartSoftAlert, {} EndSoftAlert,

{} StartHardAlert, {} End HardAl ert

out {} O fMde, {} BlinkingMde, {} OnMde
{ softCount=0; hardCount=0; }

( Start Soft Al ert ()
{ soft Count =soft Count +1;
har dCount ==0 & soft Count==1 ?
1 >Bl i nki nghMode({});
}

EndSoft Al ert ()
{ soft Count =soft Count - 1;
sof t Count ==0 && har dCount ==0 ?
>0 f Mode({});
}

StartHardAl ert ()
{ har dCount =har dCount +1;

har dCount==1 ? ! >OnMode({});
}

EndHar dAl ert ()
{ har dCount =har dCount - 1;
har dCount ==0 ?
{ softCount==0 ?
>0 f Mode({});
I >Bl i nki ngMode({});
}
)*
The second stage is responsible for emitting On and OF f eventsin
accordance with the current mode:

in {} OfMde, {} BlinkingMde, {} OnMWbde
out { } On, { } Of
{ lightOn=fal se; }

( Of f Mode()
{ lightOn ? { !>Of({});lightOn=false; } }

OnMbde()
{ !lightOn 2 { I>On({});lightOn=true; } }

Bl i nkMbde()
{ nextBlinkTine =
mllisecondsAfter (500, now()); }
( { lightOn ?
{ '>O0f({}); lightOn=false; }
{ '>On({}); lightOn=true; }
}

arrive[ (nextBlinkTinme)]()
{ nextBlinkTime =
m | |isecondsAfer (500, nextBlinkTine);}

) *
) *
The first stage does not deal with time events at al. The second
stage does not deal with aert counts at al, and is easily structured
so that time events occur only in blinking mode.

4.9.2 Cyber-Physical Example

The travel-time sampling program of Section 4.8.2 is actually the
first stage of a pipeline whose second stage averages samplesfor a
given pair of readers to estimate the travel time from the first
reader to the second. Here is the second stage, which computes an
exponential moving average:
in { string fronReader;

string toReader;

long travel Time;} Sanple
group( Sanpl e. fronReader, Sanpl e.toReader)



out { string fronReader;
string toReader;
doubl e travel Tine;} Average

{ ALPHA = 0.1; // snoothing factor
ONE_M NUS_ALPHA = 1.0-ALPHA; }

Sanmpl e(s) { history = double(s.travel Tinme); }
( { !'>Average
( { fronReader: s.fronReader,
t oReader: s.toReader,
travel Tine: history } ) ;
history =
ALPHA*s. travel Time +
ONE_M NUS_ALPHA* hi st ory;

}SaerI e(s)

) *

Thus the first stage groups RFID-reading data by tag ID to pro-
duce events related to a given tag having various starting and
ending readers; the second stage groups events by starting and
ending reader 1Ds to perform a computation related to a given
reader pair, using data originating from various tags. Piping in
conjunction with grouping is a powerful way to cross-section a
collection of datain multiple dimensions.

4.9.3 Business Example

Piping can also be used to reconcile what M.A. Jackson [10] calls
a boundary clash. Suppose a business receives events containing
various numbers of customer leads, and wishes to assign customer
leads to sales staff in groups of ten. Jackson solves such problems
by writing two coroutines, one of which feeds values to the other,
and then performing intricate program transformations to imple-
ment the coroutines in a conventional programming language. In
an EventScript solution, two stages of a pipeline can play the role
of these coroutines. A program that receives events with arbitrar-
ily sized bundles of leads and emits events with bundles of ten
leads can be written easily in two stages. The first stage disassem-
bles incoming events and emits output events containing one lead
at atime:

in string[] |ncom ngBundle
out string CustonerlLead

( I'ncomi ngBundl e(b)
{ for (i: 0, length(b)-1)
I >Cust onerLead(b[i]); }
)*

(The EventScript type st ri ng[] consists of arrays with elements
of type string, indexed starting a zero. The built-in function
I engt h reports the number of elements in an array.) The second
stage receives events containing individual leads and assembles
them into bundles of ten:

in string CustomerlLead
out string[] CQutgoingBundle

{ buffer = new string[10]; cursor = 0; }

( CustonerLead(buffer[cursor])
{ cursor==9 ?

{ !>CQut goi ngBundl e(buffer);
buffer = new string[10];
cursor=0; }

cur sor =cur sor +1;

)*

(The expression new st ring[ 10] alocates anew array with 10
uninitialized array elements.)

5. SYNTAX- AND DATA-DRIVEN STYLES
Regular expressions with fundamentally different structures can
describe the same set of input sequences. For example, the follow-
ing regular expressions all match zero or more repetitions of sub-
sequences each consisting of either an A event or of a B event
followed by aC event:

® (AO | BO CO) )
® (A0 BO) C) )
® ( (BO C))H*AD) )

Furthermore, it is possible to write a regular expression that
matches a superset of the sequences we expect to encounter in an
application, and to use conditional actions if necessary to ensure
that sequences of no interest are properly ignored.

In the regular expressions of automata theory, the state of an exe-
cution is captured entirely in the identity of the current state in the
corresponding finite automaton, or equivaently, the set of possi-
ble current positions within the regular expression. In an
EventScript program, part of the current state of an execution may
also be captured in variables. For example, consider a program to
control atraffic light at the intersection of a north-south road and
an east-west road. The light must change no more frequently than
once every 30 seconds and no less frequently than once every 120
seconds. However, after 30 seconds have passed since the light
last changed, it changes again as soon as a car is detected on the
road that has ared light. The input events NSCar and EWCar cor-
respond to a car being detected on the north-south road or the
east-west road, respectively. The output events NSG een and
EVG een direct the light to change so that it is green along the
north-south road or the east-west road, respectively. In the follow-
ing program, the state of the execution is captured primarily in the
current position within the regular expression, as evidenced by the
rich comments we can interleave at various points within the regu-
lar expression:

in {} NSCar, {} EWCar
out {} NSG een, {} EWGeen

( { '>NsGeen({});
currentTime = now();
m nChangeTi ne =
secondsAfter (30, currentTime);
maxChangeTi ne =
secondsAfter (120, currentTine);
}

/1 The light has been green for the N-S road
/1 for less than 30 sec, and nmust not change.

( NSCar() | EWCar() )*
arrive[ (m nChangeTine)] ()

/1 The light has been green for the N-S road
/1 for at least 30 sec, and nmust change when
/1 an E-Wcar is detected or 120 sec have

/| passed since the |ast change.



NSCar () *
( EWCar () | arrive[(maxChangeTinme)]() )
{ ! >EWGreen({});
currentTine = now);
m nChangeTi ne =
secondsAfter (30, currentTine);
maxChangeTi ne =
secondsAfter (120, currentTine);
}

/1 The light has been green for the E-Wroad
/1 for less than 30 sec, and nust not change.

( NSCar() | EWCar() )*
arrive[ (m nChangeTine)] ()

/1 The light has been green for the E-Wroad
/1 for at least 30 sec, and nust change when
// a NS car is detected or 120 sec have

/'l passed since the |ast change.

EWCar () *

( NSCar () | arrive[(maxChangeTinme)]() )
) *
In contrast, the following version of the program has only one
current position while it is waiting for an event—at the start of the
set of aternatives—and savesits state in variables:

in {} NSCar, {} EWCar
out {} NSG een, {} EWGeen

{ pendi ngChange = "NSG een"; }

( { pendi ngChange != "none" ?
{ pendi ngChange=="NSG een" ?
{ !'>NSG een({});
currentGeen = "NS";
{ '>EWGreen({});
currentGreen = "EW; }
currentTine = now);
m nChangeTi ne =
secondsAfter (30, currentTine);
maxChangeTi ne =
secondsAfter (120, currentTi me);
next M | est one m nChangeTi ne;
changeAl | owed fal se;
pendi ngChange "none"; }

( NSCar ()
{ current G een=="EW && changeAl | oned ?
pendi ngChange = "NSG een";
}

EWCar ()

{ current Green=="NS" && changeAl | owed ?
pendi ngChange = "EWG een";

}

arrive[(nextM | estone)] ()
{ changeAl | owed ?
{ Il 120 sec passed
current Geen="EW ?
pendi ngChange = "NSG een";
. pendi ngChange = "EWs een"; }
{ Il 30 sec passed
changeAl | owed=t r ue;
next M | est one = maxChangeTi ne; }

)*

This program initially marks a change to N-S green as pending
then enters a loop that repeatedly applies any pending change,
waits for whichever event occurs next, and reacts to that event
(possibly by marking a new change as pending).

There is a spectrum of programming styles between the purely
syntax-driven style, in which no variables are used, and the purely
data-driven style, in which there is only one current position in the
regular expression. A regular expression in the syntax-driven style
models the structure of the incoming event stream and has a sSim-
ple state corresponding to locations in the program. It follows that
various points in the regular expression can be annotated with
simple problem-oriented invariants. A regular expression in the
data-driven style is not al that different from writing a single
event-handling routine for each possible input event. It provides
confidence that all possible event sequences are handled. It is
conducive to writing a single program-wide representation invari-
ant concerned with relationships among the variables inside the
program. The state machines describing some problems are diffi-
cult to express in the syntax-driven style because their state-
transition graphs do not resemble the flow graphs of structured
programs, but any reactive program is easily expressed in the
data-driven style. We speculate that programmers with different
mental models of programming might prefer different styles.

6. THE STATUSOF EVENTSCRIPT

EventScript has been implemented, and used in large program-
ming exercises.

We have a standalone version that executes in a state-machine
driver written in Java, receiving input events from an input
adapter and sending output events to an output adapter. The
standalone version also features a testing tool that allows a pro-
gram to be executed in simulated time, obtaining input events

from a time-stamped event trace. Performance tests detailed in [5]
show that this implementation is capable of handling hundreds of
thousands of events per second.

We have also embedded EventScript in two programming envi-

ronments—DRIVE [4] and System S [2]—that support the con-
struction of large event-processing and stream-processing pro-
grams through the use of event channels to connect input and out-
put ports of event-processing nodes. In each case, EventScript is
one of the languages available to specify the logic of a node: In-
put-event names correspond to the names of input ports at which
events arrive and output-event names correspond to the names of
output ports through which events are emitted.

7. CONCLUSIONS

Some of the device-level examples we have seen require micro-
second-scale response times. Some of the business examples we
have seen require transactional treatment of events, with the state
of the computation stored persistently between events to facilitate
recovery from system failures. It is unlikely that one EventScript
implementation can satisfy both these requirements. However, the
execution model of an EventScript program is extremely simple,
so the construction of both a rea-time implementation and a
transactional implementation is not a daunting prospect.

While a single EventScript implementation might not be equally
applicable to embedded-device event processing and business
event processing, we have shown through numerous examples
that EventScript programming paradigms are equally applicable



across the spectrum between these domains. So are EventScript
programming skills. Furthermore, in contrast to event-pattern
specification approaches that have been proposed in the past,
regular expressions are simple, familiar, and intuitive. People who
have not seen EventScript before quickly acquire the ability to
reed and understand EventScript programs. Furthermore,
EventScript is defined in away that allowsit to fit naturally into a
wide variety of event-processing environments. For these reasons,
we believe EventScript can serve as a lingua franca for event
processing.
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